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SUMMARY 


A hi gh i p-speed , low-pressure-rat i o transonic fan stage without inlet guide 
vanes w a * det*g:.ed and tested to 110 percent of design speed to determine overall, 
blade element, and mechanical pertormance with uniform irlet flow, ^dially dis- 
torted inlet flow, and circumferentially distorted inlet flow. The * gn rotor 
relative Mach numbers were supersonic over 85 percent of the span at the inlet 
and 30 percent of the span at the exit. To achieve th's condition, the rotor 
was designed to accommodate weak ol 1 i que shocks in the tip region of the bludes. 
The stator design was convent i or * P y subsonic with the primary role of turning 
the flow to axial and was con' b v.red with double-circular-arc airfoils. The 
stage was d ; gned for a speci-ic flow (flow per unit of annulus area) of 42 lb/ 
sec-ft 2 (205.1 kgm/sec-m 2 ) to deliver a pressure ratio of 1.5 at an efficiency 
of 86 percent and an equivalent tip speed of 1 600 ft/sec (488,6 m/sec). 


All testing was performed with the stator closed 3 deg from its nominal 
setting (greater stagger angle), which slightly improved stall margi n and effi- 
ciency over the values obtained from other settings tested at design speed With 
uniform inlet flow at design speed and pressure ratio, the st3ge efficiency was 
8l percent, specific flow was 4 percent greater than design, and stall margi 1 
was 24 percent. The peak efficiency obtained at design speed was 84 percent, 
which corresponded to a pressure ratio of 1.67, 102 percent 0+ design equ, valent 
flow, and a stall margin of 10.5 percent. The desig. level of stage efficiency 
was achieved at the design specific flow, but c . 95 percent of design speed and 
at a pressure ratio of 1.6. Rotor-only efficiency exceeded design goals, both 
at design speed and design flow rates, but at pressure ratios h ghe: than design. 
The level of peak efficiency decayed rather uniformly as speed was Increased to 
90 pei cent of design speed, then abruptly i ncreased by 3 points when speed was 
increased to 95 percent of design speed Indicating the transition between the 
"unstorted" and ‘’started" modes. These results, therefore, substantiate the 
quasi -three-dimensional characteristic procedure used in the design. 


Shock patterns were not easily discernible from the static pressu :e contour 
plots derived from high-frequency-response instrumentation ever the rotor blade 
tips. Tip leakage vortices, wall boundary layers, and the designed weakness of 
the tip shock system, all inferred from the plots, complicate the isolation of 
shock fronts. Holograms taken utilising this fa 1 , stage under separate NASA 
Contract NAS 3-15336, however, showed shock patterns throughout the entire cuter 
span of the blading. The shock system for the 100 percent design speed condition 
showed four major shock waves; (1) a leading edge shock. (2) a midspan damper 
shock, (3) a second damper shoc\, and (4) a trailing edge shock. The original 
design considered only the leading and trailing edge shocks. 

The stall limit line was improved with hub-radial distortion, but was 
reduced when the stage was tested with circumferential and tip-radial fiow 
distortions. Stage peak efficiency levels were decreased with all distortions 
tested. Over-attenuat i on resulted when the stage was subjected to hub radial 
distortion; however, amplification was obtained wi^h tip radial distortion. 

Wit n circumferential distortion, amplification occurred in the hub region and 
attenuation occurred : n the mid passage and tip region. 
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INTRODUCTION 


A low-loading, hi gh-ti p-speed transonic fan stage was designed, fabri ated, 
and tested. A fan stage of this type would allow the drive turbine to operate 
at a higher rotational speed than would be suitable for fans having higher 
loading characteristics. Accordingly, turbine efficiency would be improved or 
the number of stages could be reduced, resulting in an engine having better 
performance and/or less weight and volume. The rotor design objective was, 
therefore, to deliver good efficiency at low work input by elimination of 
strong shock losses and shock- inducted separation in the high-Mach-number tip 
region. 

The rotor design, as reported herein, is actually a redesign of the rotor 
described in ref. 1 and also reported upon in refs. 2 and 3. The midspan 
dampers of the original design failed in initial testing to 110 percent of 
design speed possibly as a result of classical blade flutter. Design speed 
performance resulting from this test was encouraging, and only minimal modifica- 
tions were considered to be necessary to relieve the structural problem while 
retaining the original aerodynamic features. Dampers with increased thickness 
and revised contact surfaces and altered thickness distribution of the blading 
immediately adjacent to the dampers were incorporated into a redesign, herein 
referred to as "the design." The blade thickness distribution was altered 
immediately adjacent to the midspan damper tc provide a less marginal flutter 
parameter. The midspan damper was redesigned to (1) reduce the vibratory 
stress by increasing thickness and removing the notches to make the interlock 
a single plane and (2) reduce the steady-state loading by changing the contact 
angle. This rotor followed the same design procedures aj outlined in ref. 1. 

The stator vanes from the initial test were not damaged a*id were retained. 

Aerodynamic and mechanical design results for the rotor are presented in 
Appendix A. The stator was varied to arrive at the best stage operating 
characteristics. This report also presents the experimental data obtained 
from uniform and distorted inlet flows and compares these data to the design 
values. Tabulations of these data are presented in ref. k. Symbols and 
performance parameter definitions used in this report are presented in 
Appendix B. 

Holograms of the rotor flow field were made under Contract NAS 3-15336* 

The results of this holographic study are reported in ref. 5* 
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APPARATUS AND PROCEDURES 


Test Fac i I i ty 

T he fan stage was tested in the sea level compressor test cell shown in 
fig. 1. A single-stage, radial -inf low turbine driven by heated facility air 
provides power to the fan through a 1 -477-to-l gearbox. Filtered air enters 
the fan through a calibrated bellmouth, which also serves to check total flow 
measurement. An open-mesh, conical screen shrouds the bellmouth for protection 
against damage by foreign objects. The airflow exiting the fan is diffused 
and exhausted to a double-walled plenum and then to two separate discharge 
ducts: one of 35-38 in. ( 89.85 cm) inside diameter and one of 23.50 in. 

(59-69 cm) inside d*ameter. These large-diameter discharge ducts were neces- 
sary to minimize system pressure losses and thereby extend the range of per- 
formance mapping. Each discharge duct contains a butterfly valve for back- 
pressure control and an ASME* square-edge orifice plate for primary flow 
measurement. 

Distortion tests were accomplished by series stacking screens of various 
porosities attached to a support grid with 2 in. (5.08 cm) square openings. 

This support grid is capable of rotating through 360 deg in 5 min for 
circumferential distortion testing. The support grid was not rotated during 
radial distortion testing and was removed durir uniform inlet flow testing. 
Fig. 2 shows the hub-radial, tip-radial, and circumferential distortion 
screens mounted to the support grid. 


Stage Configuration 

The test configuration, shown in fig. 3» consists of an axial-flow fan with 
a s ingl e-ex i t- row, continuous-span stator and no inlet guide vanes. A detailed 
description of the stage appears in the design report (ref. 1). A redesigned 
rotor blade was necessitated by midspan damper failure that occurred on the 
original design during initial testing at 110 percent of design speed. The 
aerodynamic and mechanical details of this redesign appear in Appendix A of 
this report. 

The stage was designed to deliver a total pressure ratio of 1.5 with an 
adiabatic efficiency of 86 percent at an inlet specific flow (flow per unit 
annulus area) of 42 lb/sec-ft^ (205.1 kgm/sec-m^). The rotor was designed to 
operate at a tip speed of 1600 ft/sec (488.6 m/sec) to accomplish these objec- 
tives. To satisfy the range of test requirements, however, the rotor was 
mechanically designed to operate at 110 percent of the design speed or at a 
rotor tip "=peed of 1 760 ft/sec (537-2 m/sec). 


*Ame , 'ican Society of Mechanical Engineers. 
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The rotor contained 40 blades of 2.64 aspect ratio with midspan dampers 
located at 30 percent of the span from the tip. The rotor inlet hub-to-tip 
radius ratio was 0.46. Design relative Mach numbers were supersonic over 85 
percent of span at the inlet and 30 percent of span at the exit of the rotor. 
Nominal running tip clearance at design speed was 0.045 in. (0.114 cm) and 
0.035 in. (0.089 cm) at 110 percent of design speed. Two views of the rotor 
blade are shown in fig. 4, and the bladed disc assembly is shown in fig. 5- 

The stator consisted of 45 vanes of 3*10 aspect ratio. The vanes ccula be 
remotely controlled to rotate about their centers of gravity on the span-wise 
stacking line such as to vary the stagger angle by ±10 deg from the design 
setting. Ooubl e-ci rcul ar-arc airfoil sections were chosen for the design. At 
the design point, the maximum inlet Mach number occurs at the hub and was only 
0.8.1 with a corresponding diffusion factor of 0.43. The stator vane leading 
edge was located axially 1.42 in. ( 3*61 cm) downstream of the rotor hub trailing 
edge. All performance testing was accomplished with the stator closed 3 deg 
from the as-designed setting (increasing the stagger angle.) 


! ns t rumen tat ion 


Aerodynamic i nstrumentation . — Aerodynamic evaluation of the overall stage 
performance, rotor performance, blade element, and vane element data of the 
transonic fan stage required highly accurate sensing elements and utilized a 
computer-controlled data acquisition system. Accordingly, the types and designs 
of fixed sensing elements were carefully selected to provide the necessary accu- 
racy, and the proper locations and distribution of all fixed instrumentation 
were determined to minimize blockage effects. Three categories of aerodynamic 
instrumentation were needed to provide three b*sic sets of data: ( 1 ) fixed 

instrumentation for evaluating overall stage performance, ( 2 ) traverses for 
determining rotor and stator element performance, and ( 3 ) high-response 
pressure transducers and stai I sensors for evaluating transient and dynamic 
characteristics. A schematic of the test stage identifying the designated 
instrumentation stations and their corresponding exial locations is shown in 
fig. 6 . A summary of the instrumentation station designations is shown below, 
and a schematic indicating the type of instrumentation and circumferential 
location of each station appears in fig. 7* Fig. 8 show^ the fully instrumented 
test stage. 


Station number 
0 
1 
2 


3, 4, 4.3, 4 . 6 
5 


Locat ion 

Inlet bel imouth screen 
Bellmouth instrumentation plane 
Distortion screen plane 
Inlet duct instrumental ion 
Rotor inlet instrumentation plane 
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5.5 

6 

7 

8 

9 

10 
11 
12 

13 

14 


Rotor inlet traverse plane 

Rotor leading edge 

Rotor casing instrumentation 

Rotor trailing edge 

Rotor exit traverse plane 

Stator leading edge 

Stator trailing edge 

Stage exit instrumentation plane 

Plenum inlet plane 

Downstream temperature mixing plane 


The primary airflow measurement system consisted of ASME standard thin 
plate, square edged orifices located downstream in two straight pipe measuring 
sections. The orifice sizes were chosen to provide the largest orifice-to- 
pipe diameter ratio for which accurate coefficients are available in the ASME 
power t *st code of ref. 6. Accordingly, an 18. 30-in. (46.48-cm) orifice was 
used in the 23.50-in. (59*69~cm) diameter pipe and a 27-13~in. (68.90-cm) 
orifice was used in the 35-38-in. (89.85-cm) diameter pipe. Two diametrical ly 
opposed sets of flange taps for each orifice were used. Each orifice tempera- 
ture was measured by dual thermocouples located in accordance with ASME standards. 
Transverse (cruciform) pitot-static rakes located in the calibrated bel Imouth 
section (station 1) provided a secondary check of the flow measurement. Sta- 
tion 1 instrumentation contained 29 elements loc.ced at centers of equal annular 
areas. The sum of the orifice flows agreed with that obtained from the bell- 
mouth measurement to within ±0.5 perce«- 

Speed was monitored and compared with two independent inductively coupled 
monopoie electromagnetic pickups and counters. Overall system accuracy was 
±0.2 percent. 

The inlet total temperature was measured at station 0 by fourteen chromel- 
constantan type E thermocouples of 0.020-in. (0.051-cm) wire diameter. Stator 
exit total temperatures (fig. 9a) were measured by six radial rakes with shielded 
high-recovery thermocouples. These rakes were circumferentially indexed to 
obtain readings evenly distributed across the stator vane at 0, 20, 40, 60, 80, 
and 100 percent gap. The seventh rake, which measured temperature at mid-gap, 
was located approximately 180 deg from the 40 and 60 percent gap thermocouples. 
These vane exit thermocouples were chrome 1-constantan, Type E, using 0.010-in. 
(0.025-cm) wire diameter. The thermocouple lead wires were calibrated for each 
temperature element. In addition, stage downstream temperatures (after radial 
and circumferential mixing) were measured in each exhaust duct at station 14, 
which gave a check to the station 12 measurements. All thermocouples were 
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channeled through constant-temperature ovens for reference. To check overall 
system performance and assure data validity, two standard temperatu.es (the 
melting point of ice and the boiling point of water) were monitored through 
each reference junction. These temperatures generally were maintained to 
within ±0.5°F (±0.1°K) of their standard. 

The inlet total pressure was measured by the bellmouth cruciform pitot- 
static rake during uniform inlet flow testing and by two radial rakes located 
at station 5 during circumferential distortion testing. The station 5 rakes 
were removed for uniform inlet flow testing. The stator exit total pressures 
were measured by 11-element wake rakes (fig. 9b) evenly distributed circum- 
ferentially across the vane passage. Two wake rakes, 180 deg opposed, were 
used at each immersion. Wall static pressure tap locations are shown in fig. 7- 
A schematic of the stator channel static tap locations is shown in fig. 10. 
Pneumatic switches utilizing one calibrated pressure transducer per 45 pressures 
were used for most pressure measurements. To check system performance and 
assure data validity, two reference pressures for each transducer were supplied 
by dead weights at 0 and 80 percent of transducer full scale and monitored to 
maintain a recording accuracy of 0.3 percent of full range. 

Radial rakes (fig. 11a), located at station 10 and midway between stator 
gaps, contained high-frequency-response pressure transducers for the detection 
of rotating stall. The rakes, separated by 180 deg, each had immersions that 
corresponded to 10, 47, and 90 percent of span. 

Three different types of wedge probes (shown in figs. 11b, 11c, and lid) 
were used for obtaining blade and vane element data. Total pressure, static 
pressure, absolute air angle, and temperature were measured with 60-deg and 
30-deg wedge probes; static pressure and absolute air angle also were measured 
with an 8-deg wedge probe. During uniform inlet flow and radial distortion 
testing, stations 5*5 and 9 each were equipped with one 60-deg wedge probe and 
one 8-deg wedge probe, while two 60-deg wedge probes were located at station 12. 
During circumferential distortion testing, however, two 60-deg wedge probes 
and one 30-deg wedge probe were located at both stations 5*5 and 9* Wedge 
probes were calibrated for Mach number as a function of indicated static-to- 
total pressure ratio. Stator angles, discharge valve settings, and distortion 
screen angular positions were visually displayed and manually recorded by 
the data acquisition system. 

Ten high-frequency-response pressure transducers were flush-mounted in two 
axial lines over the rotor blade tip. As shown in fig. 12, these transducers 
were located in two rows spanning one rotor passage along with ten corresponding 
wall static pressure taps that provided a reference level for each high-frequency- 
response transducer. A proximity detector, sensing a target on the front shaft 
assembly, provided a one-per-rotor-revolut ion pulse to locate a known blade 
passage and position relative to the transducer positions. The transducers have 
a linearity of one percent and rise time of less than two microseconds. A shock 
tube calibration of each transducer and a matching source follower was made 
and photographed prior to test to verify pressure level response. 
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The nine immersions of fixed instrumentation were defined by the 
intersection of the axial station and the design streamlines that pass through 
5, 10, 15 , 28.2, 47, 68.9, 85 , 90, and 93-7 percent of the passage height 
measured from the tip at the rotor trailing edge. 

Ail aerodynamic data except those from high-frequency-response instrumenta- 
tion were obtained in millivolts by an automatic data acquisition system and 
recorded, in counts, on magnetic tape. The data acquisition system used for 
recording fixed instrumentation displayed all measured parameters on a cathode 
ray tube in real time at 30-sec intervals. The data acquisition system used 
for recording blade element data and stall transient flow data recorded in 1-sec 
intervals. The high-frequency-response data were recorded on wi de-band, multi- 
channel magnetic tape recorders. 

Mechanical instrumentation . — Rotor blade vibrations were measured with 
dynamic strain gages located at four different positions (established from 
bench testing) on the blade and midspan damper and monitored through a slip 
ring. Stator vane vibration was similarly measured with strain gages located 
in two basic positions. 

Shaft dynamics and bearing mechanical conditions were monitored with accel- 
erometers located in the bearing housings on vertical and horizontal planes. 

In addition, bearing housing temperatures were measured with chromel -al umel 
thermocouples. The structure dynamic response was measured with velocity pick- 
ups located on the front frame in the vertical and horizontal positions. 

Five capaci tance-type calibrated clearanceometers were utilized to monitor 
rotor blade running tip clearances and untwist. Four c learanceometers spaced 
90 deg apart were located at the rotor leading edge, and the fifth was placed 
at the trailing edge on a projection of the tip chord line from one leading 
edge probe. 

Data from the mechanical instrumentation were monitored visually on 
oscilloscopes and recorded on wide-band magnetic tape recorders. 


Test Procedure 

Shakedown test .— Shakedown tests were conducted with the following 
objectives. 

(1) Establish mechanical integrity of the test vehicle. 

(2) Evaluate stress and vibration levels throughout the required test 
operating range. 

(3) Determine a stator setting at design speed that results in minimal 
influence on rotor stall. 

(4) Thoroughly check out instrumentation and data reduction programs. 
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Initially, a mechanical check-out to only 60 percent of design speed was 
conducted for procedure and vehicle familiarization. The test stage was fitted 
with Plexiglas windows contoured to the outer shroud adjacent to the rotor to 
check out the system required for the flow visualization program. (The windows 
were replaced with metal plugs for the shakedown test and all performance testing.) 
The flow visualization program was scheduled to be conducted following completion 
of the uniform inlet flow testing to make the most efficient use of available test 
time. 


For the shakedown test, the fan stage was slowly accelerated to design speed 
with wide-open discharge valves and the stator stagger angle set at the nominal 
(design) position- Rotor and stator vibratory stresses, vibration levels on 
critical components, and rotor blade tip clearances were monitored and recorded 
during this acceleration. All stress and vibration levels were well within 
acceptable limits. Data at two design speed points (wide-open throttle and 
design pressure ratio) for overall and blade element performance were recorded 
to check instrumentation and data reduction programs. The stage was then stalled. 
The stall-created overspeed activated a facility safety valve in the drive 
turbine, resulting in a shutdown. Inspection after shutdown revealed that 
three rotor blades had sustained minor damage from foreign objects. The damage 
was caused by several pieces of braze material that had broken off at the junc- 
tions of the protective screen on the bellmouth. The screen was repaired, the 
three damaged blades replaced, the rotor disc reinstrumented, and the test 
resumed. Shakedown testing was concluded with the stator optimization test, 
wherein the stators were varied ±5 deg from their nominal setting at design 
speed with flows from wide-open throttle to near-stall. A 3-deg-closed stator 
setting (increased stagger angle) was used for all performance testing because 
it slightly improved stall margin and efficiency over the values obtained from 
other settings tested at design speed. 

Uniform inlet flow test . — Thi rty-one overal I and blade element performance 
data points were obtained with uniform inlet flow at speeds of 60, 70, 80, 90, 

95, 100, and 110 percent of design speed. Four data points were taken at 60, 

70, 80, and 110 percent of design speed, while 5 data points were taken at the 
other speeds. Stall flows were obtained at all speeds except at 110 percent 
design speed. High overspeed stall ( 1 1 0 percent of design speed) was deleted 
from the test program as a safety precaution to ensure successful completion 
of the flow visualization program. Because stall occurred abruptly during the 
shakedown test with nominal stators, the design speed stall was deferred until 
just prior to distortion testing. Near stall, only overall performance data 
points were taken at 80 and 100 percent speed. To maintai- a measure of safety, 
the traversing wedge probes were retracted out of the flow path as stall was 
approached. High-frequency-response rotor casing transducer data were recordt 
for fifteen points: two at 80, three at 90, and five each at 95 and 100 percent 

of design speed. These data were utilized for developing blade tip static pres- 
sure contours. 

Following completion of testing with uniform inlet flow and prior to distor- 
tion testing, the fan stage was configured for the flow visualization program. 

This was accomplished by removal of the traversing wedge probes and installation 
of contoured Plexiglas windows in the outer shroud. All fixed instrumentation 
was retained. 
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Distorted inlet flow test . — Prior to distortion testing, the rotatable 
distortion support grid was installed 17.2 in. (43-7 cm) upstream of the rotor 
leading edge; Plexiglas windows in the outer shroud were replaced with metal 
plugs; traversing wedge probes were reinstalled; and rotor inlet total pressure 
radial rakes were placed at station 5. Sixteen overall performance data points 
for the predistortion baseline configuration were obtained at 70, 90, and 100 
percent of design speed at flows from wide-open throttle to stall. Five read- 
ings at 70, six at 90, and five at 100 percent speed were taken. This pre- 
distortion configuration was evaluated to establish baseline data prior to 
distortion testing in the event that performance with the distortion screen 
support grid would be substantially different than for uniform inlet flow. 

Three layers of screens of open area ratio 0.585, 0.602, and 0.560 (varying 
from upstream to downstream) were attached to the distortion support grid to 
create the hub-radral, tip-radial, and circumferential distortion patterns at 
the rotor inlet. The radial distortion screens were sized to create a distortion 
pattern extending over 40 percent of the annulus area at the rotor inlet plane. 
The circumferential distortion screen was sized to create a 90-degree continuous 
segment of low pressure area at the rotor inlet plane. 

Overall performance and blade element performance or flow distribution data 
were taken at twelve readings for hub-radial distortion, eleven readings for 
tip-radial distortion, and twelve readings for circumferential distortion. These 
data were obtained at speeds of 70, 90, and 100 percent of design speed and 
flows between wide-open throttle and stall. A data point was taken at 97 percent 
design speed with tip radial distortion to establish the distortion level at 
design flow. At design speed with hub-radial distortion, a facility system- 
induced instability was encountered prior to stall and was characterized by a 
low-frequency acoustic test cell resonance. An overall performance data point 
reading for circumferential distortion consisted of seven separate scans of data, 
wherein the distortion screen was Indexed by 45 deg between scans (270 deg of 
total movement) referenced to the screen centerline. Flow distribution data were 
recorded for circumferential distortion while continuously rotating the 
distortion screen through 360 deg. 

Rotor blade and stator vane vibrations were monitored for all testing, and 
stress levels were well within established limits. Rotor tip high- frequency- 
response instrumentation was not recorded during distortion testing. 


Data Reduction Me^.iods 

Paw digitized data for determination cf overall and blade element perfor- 
mance v«ere measured in millivolts, converted to counts, recorded on magnetic 
tape, aid transferred to printed output in engineering units corrected to 
standard day conditions. Analog data recorded on magnetic tape for analys : s of 
stress aid vibration levels, stall probe signals, tip clearanceometers, and 
rotor caiing high-response transducers were transferred to oscillograph traces 
for interpretation. 
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Overal > per formance . --The two total pressure elements corresponding to the 
same stator gap position and radial location were arithmetically averaged and 
the resultant eleven values circumferentially mass averaged. A constant circum- 
ferential static pressure, obtained by linearly interpolating an arithmetic 
average of the wall static pressures, was assumed. Stage exit total pressure 
was then calculated by radially mass averaging the nine immersion circumferential 
mass averages. 

The circumferentially and radially mass-averaged stage exit total tempera- 
tures were obtained in the same manner as that used for calculating total pres- 
sures except for the added interpolation required to satisfy a one-to-one 
correspondence between the seven available temperature elements and the eleven 
pressure elements at the same immersion. 

For circumferential distortion testing, seven separate data scans were 
recorded for distortion screen positions indexed by 45 deg over a 270-deg seg- 
ment. An eighth scan was developed wherein the individual element exit pressures 
(both static and total) and temperatures were set equal to the arithmetic average 
of the previous seven scans. The stage exit total pressure and temperature were 
then circumferentially and radially mass averaged as previously described for 
uniform and radially distorted inlet flow testing. 

Inlet total pressure for uniform inlet flow was set equal to the arithmetic 
average of the pitot-static elements downstream of the inlet bellmouth. For 
radially distorted :n1et flow, an arithmetic average of radially mass-flow 
averaged pressures from the two fi _d rakes at the rotor inlet was used as the 
inlet total pressure. 

Circumferential distortion inlet total pressure was determined from the 
two fixed rakes at the rotor inlet in the following manner. Separation of both 
total and static pressures was maintained while under the influence of the 
distortion screen (±45 deg from the screen centerline angular position) from 
that instrumentation located in the remaining 270-deg undistorted region for 
each data scan. The arithmetic average of these pressures taken over seven 
scans (seven different screen positions constituting a data point) for each 
immersion was then radially mass -averaged separately for both the distorted 
(minimum pressure region) and undistorted (maximum pressure region) rotor inlet 
segments. (These minimum and maximum radially mass-averaged nressures were used 
as the measure or index of the distortion.) Finally, the inlet total pressure was 
computed by circumferentially weighting the minimum pressure value over one-fourth 
the inlet annulus and the maximum pressure value over the remaining three-fourths 
of the inlet annulus. 

Blade element performance . --Conti nuous traversing wedge probes at the 
rotor inlet plane, rotor exit plane, and stator exit plane were used to measure 
total pressure, total temperature, air angle, and static pressure for uniform 
and radially distorted inlet flow testing. Primary measurements of static 
pressure were obtained with the 8-deg wedge probes, while primary angle measure- 
ments were obtained with the 30-deg wedge probes. Angle-only measurements 
obtained from wedge probes were used at the stator exit plane for evaluating 
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stator vane element performance; the pressure and temperature data were 
taken f rom the circumferentially mass-averaged values determined from the 
fixed instrumentation. 

All blade element parameters determined for the blade and vane leading 
and trailing edge positions were translated from the measuring planes accounting 
for continuity and radial equilibrium and assuming design streamline slopes. 
Rotor-only performance was based on the mass-averaged total pressures as measured 
by the radial surveys and the fixed temperature rakes at the stator exit plane. 
For near-stall data points, for which traverse data were not taken, the arith- 
metic average of the peak values of circumferential total pressure at the same 
immersion was used as the rotor exit radial pressure distribution. 

Three fixed-position (30-deg and 60-deg) wedge probes calibrated for Mach 
number at each of the rotor inlet and rotor exit planes were used to measure 
flow distribution data at the measuring planes only (not translated to blade 
and vane leading and trailing edges) during a continuous 3^0-deg rotation of 
the distortion screen. Stator exit vector diagram parameters at the selected 
radial positions were based on the arithmetic average of the stage exit wake 
rake pressures as a function of the particular rake mean angular position, local 
temperature, and a linear interpolation of the localized wall static pressures. 

Rotor casing static pressure contours . --Static pressure contours over the 
rotor blade tips were obtained by using continuously recorded variable pressure 
data measured by ten high-frequency-response transducers distributed axially and 
by correspondingly located wall static pressure taps for measurements of the 
average static pressure level. The transducer data were recorded at 120 in. /sec 
(304.8 cm/sec) tape speed in the frequency modulation mode double extended. Also 
recorded and superimposed on these transducer signals were the one-per-revolution 
pulse for accurate positioning of a known blade passage, a 10 000-Hz reference 
signal for speed checks, and an Inter-range Instrumentation Group (I RIG) time 
code to provide a time reference. These recorded signals were reproduced at a 
tape speed of 1.875 in. /sec (4.763 cm/sec) and inserted directly into an oscil- 
lograph and traced at 80 in. /sec (203.2 cm/sec) paper speed. Each transducer 
trace was then referenced to the same point in time (instant of the one-per 
revolution pulse). A computer program then converted manual measurements taken 
from the oscillograph traces over a one-blade-passing period plus the average 
pressure obtained from the wall static taps into isobaric values of pressure 
between a blade passage. 
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RESULTS AND DISCUSSION 


Shakedown Tests 

The shakedown tests were accomplished with uniform inlet flow and 
established that vibratory stress levels for the blades and vanes were well 
within acceptable limits over the required operating range. A stator setting 
of 3-deg closed was selected as a result of stator optimization tests and was 
used for all further testing. 

Fig. 13 presents relevant efficiency and flow data obtained during stator 
optimization tests wherein the stator setting was varied between 5~deg open 
and 5-deg closed at design speed for two separate levels of pressure ratio. 

The data show that open (negative) settings reduce efficiency at both the 
design pressure ratio and the pressure ratio adjacent to stall, while reducing 
flow only at the near-stall pressure ratio. The closed (positive) settings, 
however, showed the opposite trend of increasing efficiency for both the lower 
and higher pressure ratios and increased flow at the near-stall pressure ratio. 

(It was felt that a significant flow rate reduction with increasing pressure 
ratio at design speed would result in reduced stall-margin at part speed.) 

The stagger setting also was found to have a significant effect on the stator 
vane vibration, but the effect on rotor blade vibration was negligible. The 
measured rotor blade stress did not exceed ±3 ksi (±20.68 x 10® N/m 2 ). The 
stator vane stress approached ±30 ksi (±206.8 x 10^ N/m 2 ) for the 5-deg-open 
setting and decreased to ±4 ksi (±27.57 x 10& N/m 2 ) with vibration levels 
becoming less random as the vanes were closed. The stator vanes responded at 
a predominant frequency of 620 Hz, which s the fundamental flexural natural 
frequency. The random character of the vibration at the open stator angles 
was indicative of separated flow. No regular modulation was seen that would 
have been indicative of rotating stall. 

During shakedown testing, three rotor blades sustained minor damage from 
foreign objects (braze material from the bellmouth inlet screen) and had to 
be replaced prior to completion of the test. Check points of data taken prior 
to the blade replacements indicated no change in performance. 


Uni form Inlet Flow 

Rotor and stage overall performance . --Overal 1 performance of the rotor and 
stage with the 3~deg-closed stator setting is tabulated in table 1 and shown in 
figs. 14 and 15. Stall was approached gradually such that stall transient flow 
data (1-sec intervals) was correlated with the slower responding overall perfor- 
mance data ( 30 -sec intervals) to establish the stall-limit data point. 
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At design speed, the rotor achieved a peak efficiency of 89-7 percent at a 
pressure ratio of 1.724 and an equivalent flow 3 percent in excess of design. 

A pressure ratio of 1.512 and efficiency of 88 percent were the design objectives 
for the rotot. At design speed and pressure ratio, the rotor efficiency was 
85.4 percent, but the flow rate was 4 percent greater than design. 

The peak stage efficiency achieved at design speed was 83.7 percent at a 
pressure ratio of 1.669, whereas the design intent was 86.2 percent at a pres- 
sure ratio of 1.500. At this design pressure ratio and speec . an efficiency of 
81.2 percent, and a stall margin of 24 percent were achieved. On the basis of 
a constant-thrott le line passing through the design pressure ratio at design 
speed, stall margins of 23.2 percent at 90 percent speed and 32.8 percent at 
70 percent speed were obtained. 

The rotor efficiency exceeded 90 percent, and the stage met the design 
intent, but this occurred at 95 percent of design speed and a pressure ratio 
higher than design. Although the rotor was capable of producing efficiency 
levels higher than design at design speed, the efficiency loss across the stator 
was over twice the design prediction. 

The level of peak efficiency decayed rather uniformly from 6d percent to 
90 percent of design speed, then abruptly increased by 5»5 prints for the rotor 
and 3 points for the stage when speed was increased to 95 percent of design 
speed indicating the transition between the "unstarted'' and "started" operating 
modes. At 90 percent of design speed, the wide-open-throttle, rotor-only effi- 
ciency was 88.5 percent for a pressure ratio of 1.352 and then abruptly decayed 
to 85.8 percenc for a pressure ratio of 1.429 with only a 1 . 3 -percentage point 
reduction in flow. The remainder of the efficiency characteristic was continu- 
ous to stall. (The stage efficiency characteristic did not reflect this abrupt 
change in efficiency, however, because of compensating stator losses.) A thor- 
ough investigation of this rotor passage starting development is detailed in 
ref. 5. A summary of this material is included in this report together with 
pertinent holographic data. 

Minimal data obtained on the original design prior to failure indicated 
a 2 percent over-design flow at design speed. The 4 percent over-design flow at 
design speed with the redesigned rotor results from a combination of two effects: 

(1) The start margin (defined in ref. 1) applied to this design was 
ove r- cons er vat i ve. 

(2) The geometric throat area for the blading was 4 percent 
greater than for the original design. 

A start margin varying from 5 percent for section 1 to approximately 
2.5 percent for section 8 was thought to be required to ensure passage starting 
at design speed for the original design and was retained for the redesign. A 
review of these data coupled with the extensive study of rotor passage start- 
ing development Indicated that starting occurred at wide-open throttle 
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and 90 percent of design speed, which corresponds to 98.4 percent of design 
flow, or approximately 6 percent less flow than delivered at design speed and 
at a considerably lower relative Mach number than design. Using the methods 
presented in ref. 1, the design start margin could have been reduced. 

Although the aerodynamic throat areas, i.e., start margin, of th«i original 
design were incorporated in the redesigned rotor blading, the added structural 
safety margins of the redesign, as reflected in axial and tangential tilts and 
pretwist to counteract steady-state stresses, resulted in a 4 percent larger 
throat area for the as-manufactured blade. If the steady-state stresses (not 
measured) were less than predicted and «. 1 Iowan ~e is made for increased blockage 
of a 70 percent thicker midspan damper on the .edesign, a flow 2 percent higher 
than that of the original design is reasonable. It can therefore be seen that 
a reduction in throat area required to pass design flow at design speed could 
result in insufficient start margin. 

The rotor blade was mechanically e for all ope-ating conditions. At 

the highest pressure ratio of 1.67 inve ’ted and 110 aercent of design speed, 
the rotor strain gages indicated the ma. . ... stress level of ±3 ksi (20.69 x 
10 6 N/m 2 ) at a frequency of 1270 Hz. This frequency was ciose to the calculated 
first torsional natural frequency, but does not correspond to an integral order 
of rotational speed, possibly indicating that the blade was approaching a flutter 
condition. The analytically derived natural frequencies were considerably higher 
than those measured at any operating condition, probably because of the varia- 
tion in fixity assumed at the midspan damper in the calculation. 

An oscillograph trace from the high-frequency-response instrumentation 
used for detecting rotating stall is shown in fig. 16 for 90 percent of design 
speed and is typical of all speeds. The s*.all, although abrupt, is seen to 
originate in the tip region and then become a full span stall. The stall pulse 
had a frequency of recurrence of approximately 5.8 percent of rotor speed. The 
pressure amplitude is approximately 10.5 psi (7.24 N/cm 2 ). 

Blade element data. --Rotor spanwi se pressure ratio and efficient at the 
design speed and design stage pressure ratio is compared to the design predic- 
tion in fig. 17. The pressure ratio is significantly highe. han design in both 
the tip region and the area adjacent to 70 percent span. The hub and region 
close to the midspan damper met design levels. The efficiency was moderately 
less than design at the end walls, but was significantly below design at the 
damper. The three-dimensional shock patterns seen in the hologram could account 
for the high losses in the midspan damper region. 

Fig. 18 is the rotor spanwi se distribution of total loss coefficient, 
diffusion factor, deviation angle, and suction surface incidence at the design 
speed and stage pressure ratio compared to design predictions. The span-wise 
distribution of total loss coefficient parallels the design intent if the 
integrated loss associated with i.ne midspan damper was equally distributed 
radially as practiced in the design method of ref. 1. The resultant loss would 
match the design levels from mid-passage to 85 percent span, ut exceeds the 
design values in the tip and end-wall regions. Except for these end-wall 
regions, the loss is greatest at mid-passage, which substantiates the design 
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assumptions of ref. 1. The diffusion factor was slightly higher throughout the 
span, with the largest discrepancy from design occurring at «.he hub (0.5 com- 
pared to 0.3). The deviation angle was approximately 2 deg less than design 
throughout most of ‘he span, reaching almost 5 deg at 70 percent span and 
exceeding design .y at the hub. Since this data point was 4 percent over 
design flow, the suction surface incidence was less than design, varying from 
approximately 1 deg less at the tip tr over 6 deg less at the hub. 

The *nlet and exit relative Mach number spanwise distributions are compared 

to the design values in fig. 19. The inlet relative Mach number is in agreement 

with the design intent even with the 4 percent over design flow -- this affects 
the inlet relative Mach number by only 0.6 percent. The exit relative Mach 
number was less than predicted in the supersonic region, thereb hing sonic 

velocity slightly outboard of the desired midspan damper loca\.i if. 1). 

The stator spanwise total loss coefficient, diffusion factor deviation 
angle, and suction surface incidence are compared to the design values for the 
design speed and stage pressure ratio in fig. 20. Of note are the severe end- 
wall losses at moderate diffusion factors and the significantly higher incidence 

near 30 percent span as influenced by the midspan damper. 

Fig. II compares the spanwise stage element pressure ratio, "empersture 
ratio, and resulting adiabatic efficiency at the design speed ana pressure ratio 
to the design intent. The temperature ratio exceeds the design goal to 40 per- 
cent span and satisfies the design levels for the remainder of the span. The 
efficiencies of the end-wall and midspan damper regions ar below design 
predict ions. 

Blade clement performance at nine radial positions is tabulated in ref. 4. 
These data are presented in figs. 22a through 22 i for the rotor and 23a through 
2 3 » for the stator in terms of total loss coefficient, diffusion factor, and 
deviation angle versus suction surface incidence angle. The design values are 
indicated ir the figures. In general, these data show similar trends to the 
spanwise des.gn speed and pressure ratio data previously presented. 

Rotor blade tip st a tic pressure contours .--The axia< distribution of steady- 
state static pressures o. the design speed aid pressure ratio for both the hub 
and shroud is shown in fig. 24 compared to the design intent. Steady-state 
values of static pressure in the outer shroud /cr the rotor blade tips betwe-n 
stations 6 and 8 shown in the figure were coupled to h igh- frequency -response 
measurements to develop static -pressure contours within the rotor blade passage. 
Figs. 25 and 26 show typical ■*' gh-f requency- response oscillograph traces. 

Fig. 25, obtained at design s^aed from wide-open throttle to near-stall, indi- 
cates the change in amplitude response through the blade passage at varying 
back pressures. The design shock system is superimposed on the blade tip 
(streamline 1) passage conical development in fig. A -4 of Appendix A. 


15 



The steady-state (time- averaged) axial distribution of static pressure 
along with the contours developed from the oscillograph traces are shown in 
figs. 27 through 41 for a range of operating conditions at 80, 90, 95, and 
100 percent of design speed. Interpretation of these contour plots for defin- 
ing shock pattern, strength, and location is complicated by several factors such 
as wall boundary layers, tip leakage vortices, and, primarily, by the large- 
diameter sensing surface of the transducer relative to the small dimensions to 
be resolved. A study of the figures, for example, reveals that most of the 
static pressure contours are normal, rather than parallel, to the predicted 
shock directions. Therefore, the contour plots should be viewed as a measure 
of qualitative, rather than of quantitative, value. 

Figs. 27 and 28 obtained at 30 percent of design speed show steep gradients 
in static pressure upstream of the blade leading edge indicating the presence of 
a strong bow shock. This conclusion is substanti atea by the holograms obtained 
at this condi t ion and reported upon in ref. 5 wherein a strong detached bow 
shock was observed at the 80 percent of design speed, mid-throttle condition. 

When speed was increased to 86 percent of design speed, the bow shock detach- 
ment distance was reduced and at 90 percent of design speed, a strong, normal 
shock was recorded attached to the blade leading edge. A weak oblique shock 
system, as per design intent and indicative of passage starting, was not devel- 
oped within the blade passage until 92 percent speed was reached. These strong 
bow shock, are, therefore, representative of the steep gradients in static 
pressures recorded through 90 percent of design speed as shown in figs. 30 and 
31. The shock patterns as detected and included in ref. 5 are shown by dashed 
line^ superimposed on fig. 31 for reading 106. Fig. 30, which corresponds to a 
lesser back pressure, shows steeper gradients in static pressure in the leading 
edge region, but these gradients do not influence the complete blade passage as 
for the higher back pressure condition shown in fig. 31* 

The static pressure contours for wide-open throttle, 90 percent of design 
speed presented in fig. 29 from reading 103 show that static pressure gradients 
do not extend upstream of the leading edge, but are contained essentially within 
tie passage. Holograms were obtained at this condition. The shock system and 
tip leakage vortex is shown superimposed in dashed lines on the contour plot. 

The leading-edge shock is seen to be oblique. 

The rotor efficiency characteristic for 90 percent of design speed was 
previously shown (overall performance section) to decay abruptly from the wide- 
open throttle condition (reading 103) to the adjacent back-pressure condition 
corresponding to reading 101 indicating the effect between "started" and 
"unstarted" operating conditions. This started-to-unstarted transition is fur- 
ther substantiated by the extension of the static pressure gradients at the 
leading edge shown on the contour plots and the holograms recorded at this con- 
dition. This transition also is shewn by the large passage- to-pass age variations 
(primarily in the leading-edge region) of the oscillograph recordings of the 
high -frequency -response transducers over the rotor tip. A portion of this 
oscillograph record appears in fig. 26 and was obtained during the transient 
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between wide-open throttle and the next highest back-pressure condition. The 
peak-to-peak amplitude variation is shown to vary abruptly from 4.0 psi (2.8 
N/cm^) for one passage to approximately 16.0 psi (11.0 N/cm*) for an adjacent 
passage. This is evident in the transducer signal just inside the blade lead- 
ing edge (channel 3). A large variation also can be seen in the transducer 
signal just upstream of the blade leading edge (channel 2). The traces in the 
t ra i 1 ing-edge region (channels 8, 9, and 10), however, show reasonable pas sage - 
to-passage repeatability. The transition region was not approached from the 
low-flow end of the characteristic to determine hysteresis. 

Figs. 32 through 36 are the contours obtained at 95 percent of design 
speed. Fig. 35 appears to be typical of the contours obtained at this speed, 
and shows the shock pattern (dashed lines) as determined from tue holograms. 

The oblique shock at the leading edge is seen to curve sharply as it intersects 
the tip leakage vortex to become perpendicular to the suction surface. The 
next downstream shock was determined from ref. 5 to emanate from the m'dspan 
damper and is termed as such. The furthest downstream shock shown is identi- 
fied as a second damper shock. Any trai l ing-edge shock was partially obscured 
by the midspan damper and, therefore, was not shown. The shock system is 
defined, however, at inboard streamlines to the midspan damper in ref. 5- 
The near-stall data point (reading 119) obtained at 95 percent of design speed 
indicates the progression of the contours forward of the leading edge, which 
may be indicative of passage unstarting. 

Static-pressure passage contours at design speed are shown in figs. 37 
through 4l in order of ascending pressure ratio. These contours are all similar 
to the more open throttle setting contours obtained at 95 percent of design 
speed. The shock pattern obtained from the holograms at the condition of wide- 
open throttle is superimposed on fig. 37 (reading 107) in dashed lines indicating 
that the pressure contours do not explicitly define shock fronts. The trai ling- 
edge shock is shown at the intersection of the leading-edge oblique shock and 
the suction surface. Fig. 39, the design stage pressure ratio, also contains 
the superimposed shock patterns derived from ref. 5 shown by dashed lines. The 
shock system at design pressure ratio and speed showed four major shock waves 
(1) a leading edge shock, (2) a midspan damper shock, (3) a second damper 
shock, and f '*) a trailing edge shock. Tip leakage vortices were also seen 
along the suction surface on the blade. A weak oblique shock extended from 
the blade leading edge to the suction surface near the trailing edge at the 
outer wall. The shock was bent sharply to become nearly perpendicular at the 
intersection of the suction surface. A segment of this shock appeared to continue 
obliquely and intersect the blade further along the chord away from the tip 
region. Details of this shock near the suction surface were obscured, however, bv 
the coalescence of the midspan damper and trailing edge shock fringes as well 
as the tip vortices; the leading edge shock became visible outboard of the 
midspan damper shock, where it intersected the shock from the midspan damper. 

The midspan damper shock appeared to be a conically shaped shock emanating from 
the intersection of the leading edge of the midspan damper on the suction surface. 
The shock extended across the passage and the forward portion intersected the 
pressure surface of the opposite blade well forward of the midspan damper 
leading edge. The shock extended radially outward and intersected the pressure 
surface immediately behind the blade leading edge. The shock extended across 
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the passage and intersected the suction surface of the trailing edge near 
the outer wall. Further back in the passage, a second damper shock was 
observed, which emanated from the intersection of the midspan damper and pres- 
sure side of the blade. This shock ms a highly warped surface nearly coincid- 
ing with the midspan damper and trailing edge shock at the blade trailing edge. 
The trailing edge shock appeared as a single bright fringe at the blade trailing 
edge. This shock was similar to the design trailing edge shock but was displaced 
slightly forward of the trailing edge. The shock intersected the suction surface 
of the blade slightly downstream of the leading edge shock. The four shock 
fronts appeared to coalesce near the blade trailing edge. 


Predistortion Baseline Test 

A distortion screen supoort grid was installed at station 3, rotor inlet 
total pressure rakes were installed at station 5, and the fan stage was tested 
from wide-open throttle to stall at 70, 90, and 100 percent of design speed. 

The purpose of this test was to evaluate the influence of the configuration 
changes on overall performance, since inlet total pressure was now measured and 
defined at station 5 rather than at station 1 as it was for uniform inlet flow. 

A summary of the rotor-only and stage overall performance data is presented 
in table 2. These data are superimposed on the uniform inlet flow performance 
characteristics previously obtained for the rotor in fig. 42 and for the stage 
in fig. 43. Comparison of these data with that obtained for uniform inlet flow 
showed that repeatability was excellent. The only unexplained discrepancy was 
the 1.5 percent higher peak stage efficiency obtained at design speed. The 
abrupt decay in rotor efficiency from wide-open throttle to the adjacent lower 
flow condition at 90 percent of design speed was repeated. The agreement ob- 
tained for these data, therefore, established baseline data for comparinq 
the results of distortion testing. 


Hub-Radially Distorted Inlet Flow 

Series stacking of annular screens on the distortion screen support grid 

suppressed the inner 40 percent of the rotor inlet area producing a distortion 

index (P - P . )/P of 0.158 at design flow, which occurred at desiqn 
max min max 3 

speed. The equivalent inlet total pressure spanwise profile obtained is shown 

by the lower curve of fig. 44. 

Rotor and stage overall performance . — The rotor-only and stage overall 
data summary with hub radial distortion appears in table 3. These data are 
superimposed on the uniform inlet flow performance (dashed I ir.es) in figs. 45 
and 46 for the rotor and stage, respectively. The level of distortion index 
obtained versus design equivalent flow ratio is shown in fig. 47. This index 
ranged from 0.1 5® at design flow to approximately 0.05 at 60 percent of desiqn 
flow. The wide-open throttle flow ^“creased by 7 percent at 70 percent of 
design speed, 2.5 percent at 90 percent of design speed, and 1.5 percent at 
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design speed. A significant decay in pressure ratio occurred at all speeds 
evaluated, resulting in a flat pressure ratio-flow characteristic wh^n com- 
pared to that obtained with uniform inlet flow. A 4.5 point less in peak 
efficiency resulted at design speed and a 6 point loss resulted at 70 percent 
of design speed. 

The stall limit line was improved a* 70 and 90 percen* cf design speed 
over that obtained with uniform inlet flow. Stall margins 'as referenced 
from the constant throttle line developed with uniform ir.iet flow) of 44.3 
and 50.4 percent were obtained at 90 percent and 70 percent o design speed, 
respectively. The general character of the stall is shown hy the high-frequency- 
response stall probe oscillograph traces of fig. 48 for 9C percent of design 
speed. As for uniform inlet flow, the stall originated at the "ip and pro- 
gressed to the hub. The typical stall pulse had a frequency of recurrence of 
6.7 percent of rotor speed and an amplitude of 6 psi (4.14 fo/cm^). The design 
speed line stall flow was not obtained however, because of the onset of an 
apparent facility-induced instability characterized by a test cell acoustic 
resonance. This phenomenon has been experienced in the past with similar test 
configurations. With throttling, the design speed character 1 sti c increased 
to a pressure ratio of 1.59* Further throttling resulted In a flow reduction 
at constant pressure ratio until the facility instability was heard. Rotating 
stall was not detected, and rotor blade and stator vane vibratory stress levels 
remained within acceptable limits. The vibratory stress on the rotor blades 
reached only ±4.5 ks i (±31*0 x 10^ N/m^) and the stator vanes reached a fluctua- 
ting ±7.0 ksi (±48.3 x 10^ N/n»2) . 

Blade element data . — Blade element performance at 9 radial positions for 
hub-radially distorted inlet flow in terms of total loss coefficient, diffusion 
factor, and deviation angle versus suction surface incidence is presented in 
tigs. 49a through 49i for the rotor and 50a through 50 i for the stator. A 
detailed tabulation of these data with additional performance parameters is 
contained in ref. 4* 

Rotor tip incidence was approximately 2 deg less than that obtained wit'^ 
uniform inlet flow. Levels of diffusion factor ana deviation were similar, 
however. Design values of rotor hub incidence with uniform inlet flow ranged 
from 2 deg to 4 deg less than design values at design speed. Rotor hub diffu- 
sion factors exceeded 0.65 (the highest seen in the testing of this stage), but 
losses were less than with uniform inlet flow at design speed. At design pres- 
sure ratio and speed, the local pressure ratio was higher at the hub and lower in 
the tip region, indicating that hub-radial distortion was over-attenuated in 
the hub region and amplified in the top region. 

Stator end-wall >usses were as severe as measured with uniform inlet flow. 
Measured hub incidence of the stator exceeded design values by as much as 16 deg. 

Tip-Radial ly Distorted Inlet Flow 

Series stacking of annular screens of the same open area '-atio 3S used for 

generating hub-radial distortion suppressed the outer 40 percent of the rotor 

inlet area producing a distortion index (P mav - of 0 153 at design 

r 9 max min max 
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flow and 97 percent of design speed. The resulting equivalent inlet total 
pressure spanwise orofile is shown by the upper curve of fig. 44. 

Rotor and stage overall performance . — The rotor-only and stage overall 
data summary with tip-radial ly distorted inlet flow appears in table 4. These 
data are superimposed on the uniform inlet flow performance (dashed lines) in 
fig. 51 for the rotor and fig. 52 for the stage. The range of distortion index 
obtained versus design equivalent flow ratio is shown ‘n fin. 47 and is identi- 
cal to that obtained with hub-radially distorted inlet flow. The wide-open 
throttle flow at design speed decreased by approximately 2 percent from that 
obtained with uniform inlet flow, a 2.5 percent flow reduction was recorded at 
90 percent speed, and virtually no difference was noted at 70 oercent. A loss 
of 5 points in peak stage efficiency was evident, both at design speed and 
70 percent of design speed. The level of peak rotor efficiency at 90 percent 
of design speed was approximately that obtained with .:i«f* m inlet flow, but 
stage efficiency was lower by 3 points, indicating higher stator losses. 

The stall limit line was reduced from that >. . .Ined with uniform inlet 
flow. The stall margins as referenced from the constant throttle line devel- 
oped with uniform inlet flow were 19.4, 12.1, and 13.0 percent at 100, 90, 
and 70 percent of design speed, respectively. A typical oscillograph trace 
of the high-frequency-response stall probes taken at design speed is shown 
in fig. 48. The stall progressed from tip to hub as with uniform inlet flow. 

The frequency of recurrence of the stall pulse was 6.02 percent of rotor speed. 
This stall pulse had a pressure amplitude of 9.0 psi (6.21 N/cm^). The highest 
levels of vibratory stress measured with tip-radial distortion were ±3 ksi 
(±20.7 x 10“ N/nr) for the rotor blades and ±4.5 ksi (±31.0 x 10“ N/rtr) for 
the stator vanes, which occurred at design speed just prior to stall. These 
levels were less than that seen during hub-radial distortion testing. 

Blade element data . — Blade element performance at 9 radial positions for 
tip-radial ly distorted inlet flow in terms of total loss coefficient, diffusion 
factor, and deviation angle versus suction surface incidence angle is shown in 
figs. 53a through 53 i for the rotor and 54a through 54i for the stator. These 
data and additional performance parameters are tabulated in ref. 4. 

Rotor incidence angles v ere about 3 deg higher in the tip region and 3 deg 
lower adjacent to the hub than the angles obtained with uniform inlet flow. 
Stator incidence angles, however, were approximately the same, for comparable 
speeds, as seen during uniform inlet flow testing. The levels of deviation, 
loss, and loading throughout the span for both rotor and stator are not appreci- 
ably different that were seen with uniform inlet flow. At design pressure 
ratio and speed, the local pressure ratio was higher at the tip, whereas the 
hub pressure ratio was lower, indicating that tip-radial distortion was over- 
attenuated at the tip and amplified at the hub. 
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Circumferentially Distorted Inlet Flow 

A 100-degree, full-span screen segment of the identical arrangement and 
open area ratio as previously used for radial distortion testing suppressed 
approximately 90 degrees of the rotor inlet measuring plane and produced a 
distortion index of 0. 138 at design speed and flow. 

Stage overall performance .--A stage overall data summary for 70, 90, and 
100 percent of design speed is presented in table 5 for circumferential dis- 
tortion. These data are superimposed on the uniform inlet flow performance 
(dashed lines) in fig. 55* The level of distortion index obtained versus design 
equivalent flow ratio appears in fig. 47, indicating that a distortion level 
range from 0.147 at 102 percent of design flow to 0.050 at 64 percent of design 
flow was covered. These distortion levels were lower than those resulting from 
radial distortion. The flow at wide-open throttle was reduced by approximately 
2 percent at all speeds from that obtained with uniform inlet flow. A 3~point 
peak efficiency loss also resulted at all speeds evaluated. 

The stall limit line with ci rcianferent ial ly distorted inlet flow was 
reduced from that obtained with uniform inlet flow, but not as severely as that 
obtained with tip-radial distortion. The stall margins as referenced from 
the constant throttle line developed with uniform inlet flow were 19.7, 20.9, 
and 27.9 percent at 100, 90, a.'d 70 percent design speed, respectively. Fig. 

48 shows a typical oscillograph trace of the stall instrumentation for design 
speed. The stall originated in the tip region with a stall pulse of 6.0 per- 
cent of rotor speed and a pressure amplitude of 12 ps i (8.27 N/cm 2 ), higher 
than was seen during all other testing. This design speed stall also resulted 
in the highest vibratory stresses measured on the rotor of ±70 ksi (±137.9 x 
10 6 N/m 2 ). The stator vibratory stress level remained low, however, at ±4.5 ksi 
(31 .0 x 10 6 N/m 2 ). 

Circumferential variations of flow distribution parameters . — Typical hub 
and shroud wall static pressure, ci rcumferential distributions at five axial 
stations between the distortion screen and rotor inlet planes are shown in 
fig. 56 for design speed (reading 284), wherein a static pressure decay behind 
the screen is indicated at all axial planes. Fig. 57 shows the total pressure 
distribution at design speed for 10, 47, and 90 percent of span obtained at the 
rotor inlet, rotor exit, and stage exit measuring planes. At design speed, the 
exit pressure distortion was amplified in the hub region, but attenuated in 
the midspan and tip regions. Only a small spanwise gradient in static pressure 
exists at the stage exit plane as seen in fig. 58 . The circumferential distri- 
butions of absolute Mach number resulting from the static and total pressure 
distributions is shown in fig. 59- A significant feature is the low value of 
Mach number at the screen centerline adjacent to the hub at the stage exit plane. 

The stage exit total temperature circumferential distribution obtained 
from fixed instrumentation is presented in fig. 60 for design speed data point 
reading 284. Fig. 61 presents the absolute velocity distribution showing the 
low value near the hub at station 12. Fig. 62 presents the measured flow angle 
distributions at the rotor inlet and exit plane for this design speed reading. 
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Rotor inlet preswirl (positive angles in the direction of rotor rotation) is 
created from 180 through 360 deg (viewed aft looking forward), while counter- 
swirl is created from zero to 180 deg. A 10-deg error, suspected to be due to 
an offset during calibration in rotor inlet angle, was experienced. The angle- 
changes are, however, consistent with those of the other two immersions. Fig. 63 
presents the circumferential distribution of rotor inlet and rotor exit axial 
velocity for reading 284, which reflects what was previously seen in the distri- 
butions of absolute Mach number and absolute velocity. 

Design speed circumferential oi stri butions of relative Mach number, 
relative velocity, and relative flow angle at the rotor inlet and exit planes 
for 10, 47, and 90 percent span from the tip are presented in figs. 64, 65, 
and 66. The influence of the screen on these relative parameters is more 
severe in the streamline adjacent to the hub than in the midspan and tip 
regions. Tabulations of additional data showing circumferential variations 
of flow distribution parameters are presented in ref. 4. 


22 



CONCLUDING REMARKS 


With uniform inlet flow, the fen stage produced a peak efficiency of 
84 percent at the design tip speed of 1600 ft/se< (488.6 m/sec), but a higher* 
than-design flow and pressure ratio. The design stage efficiency goal of 
86 percent was obtained at the design specific flu cf 42 lb/sec-ft 2 (205.1 kgm/ 
sec-m 2 ) , but at a pressure ratio of 1.6 instead of 1 . 5 , and only 95 percent of 
design speed. A stall margin of 24 percent was achieved at the design speed 
and pressure ratio. 

The rotor blade sections in the outboard, supersonic region exceeded 
design efficiency levels, thereby substantiating the method of characteristics 
design procedure and the assumption of oblique shocks. The subsonic sections 
adjacent to the hub, however, were moderately deficient because design incidence 
was not achieved. Inlet flow was shifted toward the hub resulting in rotor 
hub incidences considerably less than design. The st >r vane incurred latge 
end-wall losses, thereby preventing the stage from reacning the efficiency 
goal at design speed. 

The transition between rotor-tip-passage "started" and "unstartecf' 
operating modes was seen to occur as low as 90 percent of design speed, 
where 5 n an abrupt decay in rotor efficiency was obtained from wide-open 
throttle with only a small increase in back pressure. Data from the high- 
frequency- response instrumentation over the rotor tips and from holograms 
obtained under separate contract also substantiate this minimum speed of 
transition. The highest speed at which the passage was seen to unstart was 
at 95 percent of design speed, near stall, as indicated by the rotor tip 
high-frequency- response data. Holograms show the leading-edge shock to be 
oblique and attached for the started condition and detached and near normal 
to the passage for the unstarted condition. 

Holograms taken at and near design speed show not only the leading-edge 
and trai ling-edge shocks that were considered in the design of the Tan stage, 
but also a conical shock emanating from the intersection of the midspan damper 
leading edge and blade suction surface and a second damper shock, neither cf 
which were considered in the design analysis. Sane of the high losses in the 
midspan damper region may be due to this shock system. 

The stall limit line was reduced by both tip-radial and circumferential 
inlet distortion. Reduction in wide-open throttle flow, stall pressure ratio, 
and peak efficiency level resulted from all types of distortion tested. 
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TABLE 1 


UNIFORM INLET FLOW PERFORMANCE DATA SUMMARY 


n; - 

Reading 

-W . 

T m_^ 

S 

Rotor 

Stane j 

‘>des 

(“^des 

P /P 

T5 

ad 

— 

poly 

P /P 

U 2 / TS 

ad 

poly 

0.60 

59 

■n 

C.0444 

1 152 

0.927 

0 929 

1. 145 

o 889 

0 891 

0.60 

61 


0.0548 

1.185 

0.908 

0-910 

1 179 

0.880 

0 883 

0.60 

62 

! I 

0.0608 

1.203 

0.892 

0.894 

1. >97 

0 866 

0.869 

0.60 

63 

tsm 

0.0695 

1 223 

0.853 

0.857 

1.213 

0.816 

0.621 

0.60 

64 

0.499 

0.0801 

1.24$ 

0.807 

0.813 

1.221 

0.733 

0 740 

0.70 

67 

0 793 

0.0627 

1.210 

0.891 

O.896 

1.194 

0.835 

0.639 

0.70 

69 

0.766 

0.0744 

1.262 

G.921 

0.324 

1.250 

0.882 

O.68C 

0.70 

70 

0.731 

0.0833 

1.289 

0-904 

0.907 

1.277 

0.869 

0.6/3 

0. 70 

71 


0.0997 

1.326 

0.81.7 

0.853 

1.307 

0.798 

0.805 

0.70 

74 

0.590 

0.1095 

1.347 

0.811 

0.819 

1.310 

0.732 

0.742 

o.do 

75 

0.881 


1.274 

0.867 

0.872 

1.250 

0 796 

0.802 

0.80 

76 

0.869 


CO 

0.876 

0.881 

1 .324 

0.841 

0.847 

0 do 

80 

0.862 

0.1106 

1.396 

0 903 

0.907 

1.371 

0 853 

0.859 

0.80 

81 

0.801 

0.1236 

1.440 

0.888 

0.894 

1.415 

0.342 

0.850 

0.80 

83 

0.742 

0.1345 

1.457 

0.84* 

0.852 

1.428 

0-795 

0.805 

0.80 

85 

0.699 

0. 1438 

1.468 

0.806 

0.816 

1.424 

0.738 

0.750 

0.^0 

103 

0.984 

0. 1016 

1-352 

0.885 

0.890 

1.320 

0.011 

0.8ld 

0-90 

100 

0.971 

0. 1252 

1.429 

O.858 

0.865 

1.414 

0.830 

0.838 

0.90 

101 

0.957 

0. 1426 

1-500 

0.861 

0.868 

1.479 

0.828 

0.837 

0-90 

106 

0.942 

0.1530 

1.545 

0.865 

0.873 

1.524 

0.034 

0.844 

0.90 

ns 

0 887 

0.1721 

1.612 

0.850 


1 580 

0 809 

0.821 

0-90 

116 

0.863 

0. 1764 

1.621 

0.840 

0.850 

1 . 574 

0.782 

0.795 

0-95 

104 

1.019 

0.1136 

1.396 

0.879 

0.885 

1.348 

0.784 

0.793 

0.95 

105 

1.016 

0.1353 

1.490 

0.892 

0.898 

1.445 

0.825 

0.834 

o 

117 

1.008 

0.1523 

1.583 

0.921 

0.926 

1.540 

0.861 

0.869 

0.95 

116 

0.995 


1.640 

0.900 

0.907 

1.604 

0.855 

0.864 

0.95 

119 

0.952 


1.711 

0.867 

0.876 

1.656 

0-808 

0.621 

0.95 

120 

0.918 


1.709 

0.842 

0.853 

1.658 

0.788 

0.803 

1 .00 

107 

1.040 

0.1261 

1.429 

0.851 

0.858 

1.369 

0 743 

0.754 

• .00 

108 

1.044 

0.1462 

1.510 

0.854 

0.863 

1.475 

0.803 

0.013 

t.oo 

126 

1.041 

0.1524 

1.565 

0.867 

0.875 

1.505 

0.812 

0.022 

1 .00 

125 

1035 

0.1677 

1.623 

0.884 

0.892 

1.572 

0.821 

0.834. 

1. 00 

126 

1.031 

0.1877 

1.724 

0.897 

0.905 

1.669 

0.837 

0.849 

1.00 

127 

1.016 

0.2060 

1.770 

0.860 

0.871 

1.738 

0.827 

0.840 

a t 00 

210 

0.986 

0. 2201 

1.806 

0.836 

0.849 

1.763 

0.796 

0.812 

1. 10 

109 

1.079 

0.1493 

1.491 

0.809 

0.820 

1 413 

0.695 

0 709 

1.10 

110 

1.081 

0.1589 

1.522 

0.802 

0.814 

1.475 

0.738 

0.752 

1.10 

113 

1.082 

0.1854 

1.653 

0.833 

0.344 

1.597 

0.770 

0.784 . 

I. 10 

114 

1.083 

0.2049 

1.736 

0.832 

0.845 

1 .682 

0.779 

0.794 


Obtained during predistortion baseline testing. 
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PREDISTORTION 



0.70 195 0 . 79 1 0.062 7 

0.70 196 0.759 0.0744 

0.70 197 0.737 0.0837 

0.70 198 0.656 0.0989 

0.70 159 0.58* 0.1111 

0.90 200 0-985 0.1033 

0.90 201 0-967 0.1238 

0.90 202 0-954 0.1426 

0.90 203 0-943 0.1537 

0-90 211 0-908 0.1652 

0.90 204 0.865 0.1722 

1.00 205 1.040 0.1284 

l.OC 206 1.040 0.1538 

1.00 207 1.041 0.1691 

1.00 20S 1.035 0.1862 

1.00 210 0.986 0.2201 
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E PERFORMANCE DATA SUMMARY 
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O 
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1.329 
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0.878 
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0.827 
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0.862 
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TABLE 3 


HUB RADIAL DISTORTION PERFORMANCE DATA SUMMARY 
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1.243 

0.817 

0.823 

0.70 
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1.258 

0.805 

0.311 

0.70 

227 

0.596 

0.0979 

1.310 

0.820 

0 . e 26 

1.273 

0.728 

0.737 

0.70 

271 

0.509 

0.1221 

1.330 

0.695 

0.707 

1.286 

0.605 

0-619 

a 0.70 

228 

0.693 








0.90 

229 

0.953 

0.1091 

1.365 

0.852 

0.858 

1-333 

0.782 

0.791 

0.90 

230 

0.923 

0.1296 

1.454 

0.870 

0.877 

1.416 

0.805 

0.814 

0.90 

231 

0.872 

0.1437 

1.484 

0.831 

0.840 

1.447 

0.773 

0.?84 

0.90 

232 

0.828 

0.1549 

1.500 

0.793 

0.804 

1.665 

0.742 

0.756 

0.90 

233 

0.800 

0.1589 

1.509 

0.785 

0.797 

1.6/0 

0.730 

0.745 

0.90 

271 

0.679 

0.1895 

1.547 

0.701 

0.718 

1.679 

0.622 

0.642 

a 0.90 

235 

0.660 








1.00 

223 

j j 

1.022 

0.1319 

1.434 

0.822 

0.631 

1.390 

0.746 

0.757 

1 . C 0 

220 

1.002 

0.1604 

1.560 

0.845 

0.854 

1.517 

0.787 

0.799 

1.00 

221 

0.991 

0.1766 

1.658 

0.880 

0.888 

1.583 

0.792 

0.605 

1.00 

222 

0.962 

0.1832 

1.661 

0.852 

0.862 

1.589 

0.769 

0.784 

1.00 

237 

0.921 

0.1918 

1.622 

0.773 

0.788 

1.585 

0.730 

0.747 


8 Stall flow only obtained . 
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TABLE 4 


TIP RADIAL DISTORTION PERFORMANCE DATA SUMMARY 


N/ ' 

Reading 

w / / 1 

D 

Rotor 

Stage j 

[H/ '*) . 

dcs 

( w / v ‘) de5 

P P 
T9/ T5 

■n 

ad 

'poly 




0.70 

242 

0.782 

0 .0693 

1.236 

0.900 

0.903 

1.117 

0.832 

0.636 

0. 70 

2« 

0.748 

0.0817 

1.276 

0.883 

0.887 

1.259 

Q.Bji 

0.636 

0. 70 

244 

0.716 

0.0897 

1299 

0.865 

0.870 

1 .281 

0-617 

0.823 

0.70 

245 

0.677 

0 .0974 

1.315 

0.835 

0.842 

1.291 

0.776 

0.786 

0.90 

246 

0.956 

0.1160 

1*377 

0.825 

0.833 

1-336 

0.763 

0.753 

0.90 

248 

0.948 

0.1365 

1.663 

0.85- 

0.861 

1.426 

0.791 

0.802 

0.90 

249 

0-937 

0.1526 

1.538 

O.858 

0.866 

1.500 

0.804 

0.814 

0.90 

272 

0.920 

0.1573 

1.567 

0.844 

0.853 

1.513 

0.797 

0.809 

d 0.90 

250 

0.910 








0.97 

241 

0.997 

0.1595 

1.544 

0.828 

0.839 

1.498 

0.766 

C. 7/9 

1 00 

251 

1.021 

0.1365 

1.452 

0.824 

0.833 

1.395 

0.730 

0.742 

1.00 

252 

1.022 

0.1604 

1.552 

0.834 

0.866 

1.500 

0.764 

0.777 

1.00 

253 

1.023 

0.1713 

1.592 

0.829 

O.860 

1.546 

0.771 

0.784 

1.00 

254 

1.019 

0.1795 

1.635 

0.840 

0.851 

1.585 

0.701 

0.795 

1.00 

272 

1 .004 

0.2044 

1.720 

0.820 

0.833 

1.664 

0.763 

0.779 

a ! .00 

255 

0.984 








| * Stall flow only obtained. | 
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TABLE 5 

CIRCUMFERENTIAL DISTORTION PERFORMANCE DATA SUMMARY 


N/'e 

Readi ng 

wmm 

T T12 _T T5 

T T5 

Stage 

(NA^) de5 

(w '/e/6) des 

p /p 
T9 75 

T; 

ad 

1 i 

pO 1 V 

C. 70 

263 

0.768 

0.0664 

1.208 

0.834 

0.838 

0.70 

264 

0.736 

0.0773 

1 .249 

0.846 

0.851 

0.70 

265 

0-707 

0.0848 

1.267 

0.824 

0.830 

0.70 

266 

0.635 

0.0989 

1.286 

0.753 

0.761 

a 0. 70 

267 

0.591 





0.90 

276 

0.963 

0.1124 

1.350 

0.795 

0.803 

0:90 

278 

0.940 

0.1343 

1 .432 

0.804 

0.813 

0.90 

279 

0.904 

0.1492 

1.469 

0.777 

0.789 

0.90 

280 

0.859 

0.1648 

1.498 

0.741 

0.756 

d 0.90 

281 

0.833 





1.00 

283 

1.027 

0.1374 

1.412 

0.753 

0.764 

1.00 

284 

1.021 

0. 1645 

1.534 

0.789 

0.801 

1.00 

285 

1.002 

0.1836 

1.586 

0.765 

0.780 

1.00 

286 

0.979 

0. 1946 

1.610 

0.746 

0.763 

a l .OG 

287 

0.940 






a Stall flow only obtained. 

Note: rotor-only values not computed. 
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Axial distance, cm 


Blade number 


O Wail static pressure 

# Casing high-frequency- 
response transducer 


Transducer numbers 


S *8 1296 


Figure 12.— High- Response Casing Pressure Transducer Locations. 
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Total pressure ratio, Py^/Py^ Adiabatic efficiency, , percent 









Total pressure ratio, 2 ^ 1 $ Adiabatic efficiency, percent 


Design point 

Equivalent flow 147*91 lb/s (67*09 kgm/s) 

Equivalent speed 12 78l rpm (1448.4 rad/s) 


Symbol 

Percent design 
equivalent speed 

0 

60 

□ 

70 

Q 

80 

A 

90 

O 

95 

O 

100 

O 

110 

9 

Design point 

^ (Flagged symbols 
denote stal 1 ) 


Stall limit 




Constant throttle 
reference line 


Percent design equivalent flow 

Figure 15. --Stage Performance, Uniform Inlet Flow. 
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90 Percent Design Speed. 









Percent span 


Figure 19. — Rotor Relative Mach Number, design Speed and 
Design Pressure Ratio. 
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Rotor Blade Element Performance 
47 Percent Span from Tip. 

















Figure 22g. — Rotor Blade Element Performance, Uniform Inlet Flow, 
85 Percent Span from Tip. 
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Figure 22 \>. — Rotor Blade Element Performance, Uniform Inlet Flow 
90 Percent Span from Tip. 
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Figure 23a. --Stator Vane Element Performance, Uniform 
5 Percent Span from Tip* 
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to Percent Span i rom Tip 
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Figure 23c.-"Stator Vane Element Performance, Uniform Inlet Flow, 
15 Percent Span from Tip, 
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Figure 23d. --State* Vane Element Performance, Uniform inlet Flow, 
28.2 Percent Span from Tip, 
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Figure 23e. --Stator Vane Element Performance, Uniform Inlet Flow 
47 Percent Span from Tip, 
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Figure 23f.--Stator Vane Element Performance, Uniform Inlet Flow, 
68.9 Percent Span from Tip. 
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Figure 23s«""Stator Vane Element Performance, Uniform Inlet Flow, 
85 Percent Span from Tip. 
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Figure 23 i . — Stator Vane Element Performance, Uniform Inlet Flow 
93«7 Percent Span from Tip. 



Heavy lines 



Axial distance, Z , cm S-81803 

Figure 2k Axial Static Pressure Distribution, Uniform Inlet Flow. 















Reading 12o Wb 



67 


Figure 25 . --Typical Rotor Casing High-Frequency-Response Oscillograph Traces 
at Design Speed. 
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Figure 2$. — Rotor Casing High-Frequency-Response Oscillograph 

Traces at 90 Percent of Design Speed Showing Transition 
from Started to Unstarted Conditions. 
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Figure 29.--Rotor Blade Tip Static Pressure Contours, v 0 Percent Design 
Speed, Pressure Ratio 1.320. 
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Figure 33. — Rotor Blade Tip Static Pressure Contours, 95 Percent Design 
Speed, Pressure Ratio I.M+9. 
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Figure 35»--Rotor Blade Tip Static Pressure Contours, 95 Percent Design 
Speed, Pressure Ratio 1.604. 


















Figure 3? # -~Rotor Blade Tip Static Pressure Contours, Des I gn Speed 























Total pressure rati 
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Symbol For cent design 

equivalent speed 


Design point 


Uniform inlet Ho* 


Percent design equivalent flow 


Figure 42>~- Rotor Performance, Bredis tort ion Basel ine 















Inlet total pressure, P T ,./5 , N/cm Inlet total pressure, P_ K /6, H/ctri 
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Figure Mt.--Radial Distortion Total Pressure Profiles for 
Design Equivalent Flow. 
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Total pressure ratio 


Design point 

Equivalent flow » 147.91 tb/s ( 67.09 kqn./s) 
Equivalent speed m 12 781 rpm ( 1338 *^ rad/s) j 
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Figure 45. --Rotor Performance, Hub-Radial Distortion, 
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Figure 48. --Distorted Inlet Flow Stall Oscillograph Traces. 
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Figure kSa . --Rotor Blade Element Performance, Hub- Rad i a 1 1 y Distorted 
Inlet Flow, 5 Percent Span from Tip. 
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Figure 49d. — Rotor Blade Element Performance, Hub-Radial ly Distorted 
Inlet Flow, 28.2 Percent Span from Tip. 
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Figure h3e . — Rotor Blade Element Performance, Hub-Radial ly Distorted 
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Figure 49g. --Rotor Blade Clement Performance, Hub-Radial ly Distorted 
Inlet Flow, 85 Percent Span from Tip. 




S8 


Figure 49h. — Rotor Blade Element Performance, Hub-Radial lv Distorted 
Inlec Flow, 90 Percent Span from Tip. 
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Figure 49i. --Rotor Blade Element Performance, Hub-Radial ly Distorted 
Inlet Flow, 93*7 Percent Span from Tip. 




-Stator Vane Element Performance, Hub-Radiall 
Inlet Flow, 5 Percent Span from Tip. 











Vane Element Performance, Hub-Radial ly 
Flow, 1 5 Percent Span from Tip. 
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lure 50f. — Stator Vane Element Performance, Hub-Radial I y Distorted 







Vane Element Performance, Hub-Radially 
Flow, 85 Percent Span from Tip. 
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Figure 50h. — Stator Vane Element Performance, Hub-Radial ly Distorted 
Inlet Flow,. 90 Percent Span from Tip. 
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Figure 53a« — Rotor Blade Element Performance, Tip-Radial ly Distorted 
Inlet Flow, 5 Percent Span from Tip. 
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Figure 53c. — Rotor Blade Element Performance, Tip-Radial ly Oistorted 
Inlet Flow, 15 Percent Span from Tip. 
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Figure 5^. — Stator Vane Element Performance, Tip-Radial 1y Distorted 
Inlet Flow, 5 Percent Span from Tip. 
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;ure 5hc . --Stator Vane Element Performance, Tip-Radially Distorted 
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Figure 54g. --Stator Vane Element Performance, lip-Radially Distorted 
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Figure 54h. — Stator Vane Element Performance, Tip-Radial 1y Distorted 
Inlet Flow, 90 Percent Span from Tip. 

























Figure 57. - - CI rcumferentlal Distribution of Total Pressure at Design Speed 
with Circumferential Inlet Distortion. 
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Figure 60. — Circumferential Distribution of Stage Exit Total Temperature at 
Design Speed with Circumferential Inlet Distortion. 





bsolute velocity, V., m/sec 




Absolute t to w angle, * deg Absolute Mov angle ,, deg 



Figure 62. --Circumferential Distribution of Absolute Flow Angle at Design 
Speed with Circumferential Inlet Distortion. 
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Figure 63. "Circumferential Distribution of Axial Velocity at Design Speed 
with Circumferential Inlet Distortion. 
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Figure 65.--Ci rcumferentlal Distribution of Relative Velocity at Design 
Speed with C 5 rcumferentlal inlet Distortion. 
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Figure 66. ~C i rcum' erential Distribution of Relative Flow An.,le at Des.gn 
Speed with Circumferential Inlet Distortion. 




APPENDIX A 


REDESIGNED ROTOR FOR TRANSONIC FAN STAGE 


The original design detailed in ref. 1 exhibited an aerodynamic instability 
phenomenon (flutter), which resulted : n high cycle fatigue failure of the mid- 
span dampers during initial testing to 110 percent of design speed. The flutter 
phenomenon was concluded to be a coupled bending- tors ion mode instability. 

The performance data obtained at design speed from this test were encouraging, 
and it was felt that modifications to the midspan dampers (thickness, contact 
angle, and contact surface shape) would be sufficient to relieve the structural 
problem. However, to further ensure structural integrity of the redesigned 
rotor without sacrificing the original aerodynamic features, the torsional 
flutter parameter was increased by thickening blade sections immediately adjacent 
to the damper. 


Aerodynam ic 


The redesign of the rotor followed the procedures detailed in ref. 1, 
which consist of sequential running of the axisymmetric stream filament com- 
puter program for velocity diagrams the blade design calculation program for 
blade sections on conical surfaces, and the blade stacking program for defini- 
tion of sections »n cylindrical surface tangent planes. The original stage 
design objectives were retained. 


Overall total pressur^ ratio 
Flow per unit annulus area 


1.5 

42 Ib/sec-ft^ (205-1 ksm/s^c-m^) 


Equivalent total flow 
Equivalent tip speed 
Equivalent speed 
Adiabatic efficiency 


148 Ib/sec (67*1 kgm/tec) 
1600 ft/sec (488.6 m/sec) 

12 78l rpm (1338.4 rad/sec) 
86 percent 


Also retained from the original design were the flow path, stream! ine work and 
loss distributions, number blades, and approximately the same solidity dis- 
tribution and aspect ratio. The redesign was initiated by revising the axisym- 
metric stream filament computer program to reflect the lade thickness distri- 
bution of fig. A-1 as dictated by mechanical design requirements. The resulting 
velocities and angles at the blade inlet and outlet are shown in table A-1 as a 
function of streamline number. The incidence angle rules used for the original 
design were maintained for the sup r sonic and transonic region of the redesigned 
blade. The incidence angles of the sjbsoric (inboard) sections of the original 
blrde were thought to be low, however, and were increased for the redesign. 

The deviation rules applied to the redes! qned blade were the same as those used 
for the original blade. The resulting incidence angles, deviation angles, and 
Carter's rule additive are tabulated in table A-1. 
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The blade design program does not provide a precise quant : tive definition 
of the input changes required to generate a blade of the desired thickness. 

The effective, available methods of implementing thickress changes required 
an increase in both the leading and trailing edge radii as shown in fig. A-2, 
coupled with an increase in trailing edge shock strength via the specification 
of an increase in 0-shock (the trailing edge shock strength minus the leading 
edge shock strength) as shown in fig. A-3- The resulting conical developments 
for typical streamlines 1, 3. 5, 7, and 12 are shown In fig. A-4. Streamline 5 
is the closest streamline to the midspan damper and is where the greatest 
increase in thickness from the original design was required. 

The 12 conical blade sections resulting from the blade design program 
were then used to establish the 14 manufacturing section coordinates as 
described in the paragraphs that follow. 


Mechanical 

A geometric summary of the redesigned rotor blade is presented in table 
A-2. The rotor airfoil coordinates of the resulting 14 rotor blade sections 
incorporating both axial and tangential tilt and allowance for blade untwist 
are presented in table A-3- The coordinates are plane blade sections defined 

by the intersection of the blade with planes tangent to the cylindrical sur- 

faces. A typical section is presented in fig. A-5. The materials selected for 
the critical components have not changed from the original design. The fan 
blade and disc material is Ti-6A1-4V (AMS 4928), and the stator van*, material 
is 17-^ PH (AMS 5643). 

The fan blade thickness was increased by approximately 45 percent at the 
midspan damper to increase the blade natural frequency, thereby raising the 
flutter parameter to a more stable regime. Both torsional flutter and coupled 
flexural torsional flutter modes were examined. Fig. A-6 shows the torsional 
flutter parameter (urf-Cy/Vf) versus rotor speed for the original and redesigned 
blade, where u>t I * the torsional natural frequency, Cj is the blade tip chord 

and Vj is the relative fluid velocity at the blade tip. The redesigned blade 

shows a ^5 percent increase in the torsional flutter parameter over the origi- 
nal. From an analysis of the d*»ta obtained with the original rotor blade, the 
threshold of flutter, as indicated in fig. A-6, was thought to occur at approxi- 
mately 93 percent of design speed. At 110 percent of design speed, the rede- 
signed blade has a 20 percent margin over the value of the flutter parameter at 
which the original blade fluttered at 93 percent of design speed. 

A flutter parameter for coupled flexural-torsional flutter, based on the 
stability criteria established in ref. 7 is shown in fig. A-7. Using the 
theoretical approach outlined in Ref. 7, the stability boundary was located 
based on the results of the original test. Fig. A-7 compares this coupled 
flutter parameter (Vf/C T f B ) (arbitrary scale) with the rotat ion-to-trans lat ion 
ratio (0-j-Cj/2hj) for both the original and redesigned blade, where fg is the 
first flexure natural frequency of the blade, hy is the relative deflection 
(translation) of the blade tip midchord point in the first flexural mode, and 
0 T is the relative angular deflection of the blade tip in the first flexural 
mode. 
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The recesigned blade is well within the stable region and should be 

aeroel ast i cal ly stable, with respect to this mode of flutter, over the operating 

speed rcmge. 

The blade natural frequencies were calculated using a finite eler ±nt pro- 
gram in which the blade is modeled as a curved variable thickness plate. The 
blade was assumed to be built-in (clamped at the root and supported in the 
axial and tangential directions at the midspan damper. The damper is assumed 
to be locked up at 2 ero speed for nominal blade dimensions. The first three 
natural frequencies are shown as a function of rotor speed on the excitation 
diagram given in fig. A-8. No serious resonant conditions are shown in the 
operating range. 

The first three mode shapes at zero speed are shown in fig. A-9. The 
location of the maximum vibratory stress in each mode, as well as the relative 
values (in percent) of the vibratory stress at other critical points, also are 
shown. 

Fig. A-10 is a modified Goodman diagram showing the allowable vibratory 
stress as a function of steady stress. The allowable vibratory stress is 50 
percent of the 10' cycle endurance strength. The airfoil mid-chord at the 
midspan damper has been chosen as a critical point for vibratory stress. The 
allowable vibratory stress at this location is ±30 ks i (207 x 10° N/nr) at 
design speed. 

The airfoil was tilted 0.010 in. /in. (cm/cm) in the tangential direction 
and 0.0035 in. /in. (cm/cm) in the axial direction to allow centrifugal loads to 
counteract the aerodynamic loadb. The airfoil suction and pressure surface 
design speed stress distributions due to centrifugal, untwist, and aerodynamic 
loads are shown in fig. A— 11. The steady stresses at 110 percent speed will be 
1.21 times those shown. Thus, the maximum equivalent calculated airfoil stress 
at 110 percent speed is 78.6 ks i (543 x 10^ N/m^) . 

The airfoil will untwist due to both centrifugal and aerodynamic loads. 

The untwist versus radius at the design point is shown in fig. A-12. The untwist 
at the midspan damper is approximately 0*5 deg. The nominal midspan damper 
bl ade-to-bl ade spacing will increase with speed and thereby allow the midspan 
damper to untwist the 0.5 deg at design speed. 

The midspan damper stress distribution is shown in fig. A-13. The rede- 
signed damper has a smaller interface angle (15 deg) and has no grind relief 
notch, which was the origin of failure on the orjginal blade. The maximum 
midspan damper equivalent stress is 80 ksi (551 x 10^ N/m^) and is very localized. 
This stress is slightly less than the allowable 82 ksi (566 x 106 N/m2). 

The disc stresses with the redesigned blade are slightly higher than those 
in the original design because of the small increase in blade weight. The disc 
tangential and radial stresses at critical locations at 110 percent design speed 
are listed on the next page. 
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Calculated Stress Allowable Stress 


Locat ion 

Type of Stress 

Ksi 

(N/m 2 ) 

k ^ i 

(N/m 2 ) 

Disc 

Avg. tangential 

67.6 

(465 x 10 6 ) 

67.5 

(465 x 10 6 ) 

Bore 

►lax. tangential 

88.0 

(607 x 10 6 ) 

91.0 

(926 x 10 6 ) 

Web 

Max. radial 

30.0 

(207 x 10 6 ) 

85.5 

(590 x 10 6 ) 

The bore 

and web stresses 

are wi thi n 

*he al lowables. The 

average tangent 


stress is equal to the allowable, indicating the burst criteria has just been 
met. 


The minimum shedding speeds for the airfoil and dovetail were determined 
using 90 percent of the minimum natural ultimate stress at the maximum tempera- 
ture conditions. 


Blade o irfoi I 
Blade shank 
Disc shank 
Disc burst 


18 090 rpm (1892 rad/ sec) 
21 900 rpm (2295 rad/sec) 
17 800 rpm (1864 rad/sec) 
17 600 rpm (1843 rad/sec) 


The minimum burst and shedding speed is 17 600 rpm (1843-1 rad/sec), 
which is 138 percent of the design speed. 

The dovetail stresses in the blade and disc a r e slightly higher than those 
of the original design because of the heavier airfoil and midspan damper on the 
redesigned blade. The neck, tang, and combined stresses at HO percent speed 
are listed in table A-4 along with the allowable stresses. All margins of 
safety are positive. The combined fillet stress is a combination of tang bend- 
ing and neck tension, excluding the stress concentration effects. The maximum 
fillet stress, which determines the low-cycle fatigue life of the attachment, 
includes the stress concentration factor. All calculated stresses show a posi- 
tive margin of safety. 





S leeway 


i r/rw 


factor - 0.955 





0.8(A) 

0.7638 

0-1639 

0.1689 

0.06M) 

0.1096 

0. 3191 

0-3558 

0.867 

0.861 

1-706 

1.726 

station 8) 

0.8061 

0-7635 

1.510 

1.511 

1.166 

1.169 

0.8061 

0.7635 

0.5850 

0-5251 

0.3692 

0.)600 




0.6685 

0.16)9 

0.0978 

0-603) 

O.6151 j 0.5565 
0.160C | C.i)69 

0. 0631 j 0.0714 
1 0.4126 i 0.3878 


C- **863 1 

I 

G.T390 | 

0.0910 ! 
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TABLE A-2 

ROTOR GEOMETRIC SUMMARY 
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Leading and trailing edge radii are defined to be the teml-mlnor a*ei of 2-to-1 elllpiet. 
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ROTOR AIRFOIL COORDINATES 
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ROTOR AIWFCK COORDINATES 
SECTION NO. * RADIUS 12.000 IN, ( 40.460 CM. ) 


. * » t » » "W » OO o ^ * 

x o ./\ ir> i>j q <\jip o n» lP in kT» n on- 9 o k% *>;/■» o ® n- » -* « a *> « n- 

_» K^l>>(r»Oi»» O^ Jt S'* 3 rf> -K^O ^ D ^ O « ^ O D » {T AJ O » o 

• 44 ««< 0 ««i(t 4 nia««x\o»N^KW\ioo« 4 tn — • •*» r* ►" o o o o - 


i\iru -4 | || • ll « 4 *«^«)w«trvjnjntNru^K\Mi^ 


x n-n- 9 «> 9 «> 9 — **»CT 9 a t? <x> n- <o 

j -*3 >o» «-^ o no o o 

» mi/tminiriiftt/«9 9i9«* oo««iA9m««oocMn«MNoo««fV9tf\«No o «*ni o tr « n o o ~ — . — nj ru 


ii • •ll•tt•tt••lll••l•l 

o 

9 

u. 

X 

« 


«U . niO^«NKOONAAN>«tn « 4 <.tA A N* HOKt AO « OO^O 0 < 4 «NX 0 tnArtKOONin!«t'\i 0 

a * U' k -<k) 3 too ® o oir ^NrtoNinomNN^oov^ovKi^^ttHNooQ kin *\j a «n ^ o oqit^ki 
3 -* 30 iiyiininmrt- 4 too« 4 «Nooiin«> 43 iNon«o^«o«rv«iA* 4 KKvoin* 40 '>in^^os 9 ' o — -g 

*> • o o 9 a 99 a 99 ^N«**«o 9 cciro««in*oKi(VN« 4 ooo>«* 4 nirtm«airi««N«;o ^ -» — -* f\* rg <\» 
^ >■ ••••••• ••••#••♦•••••••.••••§.•*•*•*.•#••••**••*•*• 

w I t I I • I • I • •• ■ I I -* -*—-*-**-• ** 

ar tllllltIMIIM 

& 


. 00 NKtO«oS-<^« 40 OO» 00 ra«aNNK« 4 «« l Ainin«««Kh>N««tt 0 00 »C 00 N^N 

z w<m-o r-N 4 (m^* ^ 4 KN*ro^wnor 4 N«ooct^ 4 (r*KiN-<oo»N*ir 3 ^^f\jcir»c 

H 9 OO 00 >CN«M 4 <«A^i<««NNNHl|KNNNN^-*«-i«* 4 «i>««*.inoinOitO^ 9 l r ^4 « « 

* OO 00 » 0 » 0 »^< 4 K^ 4 AA««<MMNfll*t«« 00 OOKf 4 lVAIMn 0 4 |P/« 4 K^C«CSCtt 

X 

*4 « 4>4 | | | | ||| | | | | III II •f’llllll'l 

• II 


. KKN0NO4IMnn|NIM«Nf0OI*O««niNK)irtl0N«4rtMO^K)HN^jtN«oolttKt3njNI< 
t o««o ^NANooMvmmNw^f^nMattinoMtfrtNNNiP^K no 4 omrNK««oiot n n n 

U h««Kt«^OSI4N0lir*M4Nh>«O0«KAKI*««M*NIO«ttNtA0fVir« ON3J1 3>^^o 

»- .. 4 * .... 4 .... 

K>MrtMMK>rtNNNNN-«-»*<*.| t| I | ^ ^ <«y nj NfliAl IX OJ NK« rt Kt M fO K» ki 


• «l oolrtNNI^AOIIMlNhHlIAllIhrtlTOmOI^MlIrtl 9 «« « j> njo Wo 

7 i»» 9 m 9 • m * 4 st ^Nioiwi 4 N»ini««f 4 Mr»Ai 4 0 wko«nw«« « 4 (p»niNwoir«oc» 

U 9 9 9 WON^MOA^WxOlW'iri « NO N m IMO ^««« OWtONOIM3N«**9il« O o O 

. imrunm 9 KHM^e«^ 4 WMN^oaK<iinMN 9 oo(imaio^«»divn«iKN 0 i r^njaj 

x • ••••*••••• •••••••••♦••••••••••••• .............. .. 

(MIMAjr\J<M(\4AinjfM'-»— I I | | • « | I 


W 

a 

3 


• ni|^W^« 4 ^||t|W|INWIClOOlAoMMI«CS»NeWoWO«n|Nh«K»WWirH 3 3 

at z m -m «o (VNM«hoioo 4 iN* 4 ^Nii«^^«^««N.*«tfVNi momi fN 9 » -*rtin ^on 09 ianiw 


m . 9 99 9 OWIWmOOINMH 9 W^IN **OOO^NN W9^ milKKIII f 00<"^NNNAllVi>jr\Jnini 

N- >- .....*•.•*•••.•.••••«.»•«.*. .......... 

U III! Illkl || 

2 * ••••••• • t 


• ONm*CH||NI»!3IOiTNH»*«(|flM||»KKlo«(V»lft f9® »T» N- 3 0NW||^«4K/| ON 

X WNwCWI«N|OKA« 4 MO>iNtlMCI 0 Ml/lWmortll^VN> 40 Chin««n|iVN 0499 

M 0000 « 4 t«^a II «l 40 9 0 inoH 0 AOirt« 4 W«WC^CNNNKniKNNf. 4 fiNW«i/l «4 99 

• OOOIOII 0 NNlll/tm«* 4 WWNN**««OOOO* 4 ^NlVA 4)4 ^IHM 9 NM 4 «CCCCCO 


I I I 


152 



ROIOH A I HF 0 1 1 UOO«On*TtS 
StCTlON NO. 7 OAD1US 11.700 T N # ^<*.71* Cm 


1 


• P -« * 4 4 P'PP"-'---**’'-® y (*■ ^ ■** > ® (*■ •** &■ X c> -P 3 -H T> -*<* »■ O® a O r- <3 \j P 

X 'DftJ-*f'»r'-* 3 O 3 O 0 ^^?«OXON«(/> 0 O^J^®e 3 XP-Nry c c O N ^ (?■ Ip rvi « Y> O -C C C 1 
j ^ * r*. s. ^ ^ t» o •*H»N3»»KoxNHX3«^N^B'<i(rx'«.«-^'j3o \t n u cr 

* PU"»un.p/>./>nir» xm-«»-'''-tP»n'NO(© 4 ip *> ._• o ® -» p -p o -• m i « n » o -u p ^ 


| « | |« — ».».-.#\irUf\jf\j|rvjfvirvruoj 


• «KioM^ 3 f. -• x ^ot-n-oc-p-o^ -y x» <r m J -f 

> — — <u ^ir*ir(\»«fV*n»i/io«fviM*UMOc«fVM^» ainn«MV«»*/Mi‘»®04^^v'if ^ ^<r m-M a 

j -x x-o«o\i-.o®3''\»®-r-*;vo"*pivor«..p»*i 30ift^o««n o xj y y 

• in^^triri^iT04M>«o»«Mn»Mfvo9ttKtr9mrgoo.*ni3ir«Koo^ruain«N»'3 — — — — 




1 

5. 

uj • oXH?iMTOin^^?^«^»«^(M 40 o»^(Miftrtifl<VtoOiPflO-KKrtJKw.Q 3 M'O(M«Xo 

a y — ry ® «. » « - • 09'0'V'vm*inr-o>i0o0»0o«^o\0 tpyioNa^MW^Mr 

-* O “« o^ooaoo»Nor«^*^XNOrt0»^*»rt0»^soi/iM®JO< J iMi) J j - ' « ^ r» 

* *r» j ^ ^ 3 ^ar^^Ktrw-ooo , ccN«(nifl-xnmi«^ooo^^ryK>^aa p « ® f~- «, ® a o . — — > 



• j'aipio^0j\wn^a ti ip « 4K r>« r » oo^^ivki^ x ® x x kw\j ooa c ® r- k « ® ~. ^r n o- 

y o ^ a r-c» o«KKiair«KC*o^funv4Ktt»o*«M^^qKiAi^o» aNX/KWM-offehx c.m»*-i 

* oo<f» «4iniA«« MM AKU^xoeoo^MiyiVKi wasi/i/0<iNhKeBeBB 


ft l 


• P « ® -ION 4N(M^>4»>0«4C-4N«C0n«» Oi P N® f\iiT 0-®^ — -* I** -* **- 

i co®iM«®in^oir^^iP»««KfV«f>«h>nt9«M»«in^N®i0C^«^^«3oirnioKiu »-►**-•=» 
u iPAKinj^m<4»s « P ^»Pp(p|fMfM^pp»ipr>|«.^h.fcOP®0“ 9«m«onK om«» AiJiKa f>i pu m -* o o 
* inuunm9fvoMnm^rKin(n^»NinM^o(Wf«iinN»oAimin««»o(\in«in^a<Mr oo o o ooo- 

>> •••••••.••••••••.•••••..§•••••#•••••••••*•• ••••••• 

tP^o^fPKifPfPPWP4P«ra-.^-.w^ § « t ft a •. — -.ry n*ry nj ry ry *v fv ft* fft "ft »ft *ft "ft *ft <y 


• Ki«»«(MM«oy«(M4o»^>.tA»rtN<4tn»M^o«^« »o«na«y» -•►* n»ifl^KfMOf\j®x "ft »ft 
x — o « o 4 k ^oo®rt»ftN«m*«^«ehnft i^HVc^ira (V4>»Kir-oxr»-— P*pr“<»“0‘*>*>r<"i^ 
<J 3 ?K 1 H 1 »h 9 NOMTn|O 0 lArt«*« 4 « .*«* fUOniVMT » -O «. — rft« « » Kl P »•«. (► — »ft p *•» «C ®> 

* ^^irir!i^fM-«o®K4(rr^nj^o«K«irK»f\i^O'H( , yK>0irN®» ooiw^mp**' eo— — 

x • ••••••••*••••••••••»•••••••••••••*••«••« » • » » * • • • * 

ry ft* ru ry fu aj ry fti fti — — — *. t ••«•••• -* m rvi ry ry cy ry . pi ry 

Ui 

o 

u. 

a 


• QK99ifioi'iMoinNcniMrtrtMN*4ftifto««Minch4 amoofiymrtuirtinnjifla^a®* -*® o 
^ x ^NM®^9K^«-.Kioi0«vnii0irc«M«n|^wi/|«4i^oo«^«om««>o^MruMx«knon<M«*4e > 
o -* o>»c«Kco*.rt^ «« ^ o p ~»x> -•♦MMMf-'MNr- ® » o <> ® ® r*- 

*- y- *•*•.*••#••••••»••••»••••#••*••*.•••••••••• * » • • • • • 

y t a • i • ■ i • t • i i — -« 

j ftftftftftftflift 

m 


• P N ® ru x> ry • » fti fti «*- fti ♦ » Aft «•> Aft « » « # — • !-•*•»<* pryry^ 

y ooftftN^u ®f^«o -*rw m m « ® » ei\in< 4hft»«MA4rt«o»K ®ir» khv^» ®x«fMo® 

*-» «> #®t»»oirtqi/»oft»orteM0 ««««ivk j^in o« « 

* oo»»»»0ttNh«4tfim9«nf«tnnifu^<«ooooM^rwiytMf0ft9Vv^®«NN«vs®ttctt«c 


ft ft 


153 



PhO •*! 000*1 1 vnlotb 9 *On hOUSIt 

siifNiObOun niojMi» hoaqm 


• O O M » J> O *>.*>»■ 9 *— O-^O \J-*r- ^ £> J -- 

a. inM/> o*m* 4< i - ooMifl? "t h« k o —• -\j x> &■ njo cr * 

-> M'VJ'O 9 * 4 ^ ^ ^ 3 i|i hu /l O O -O -< 4 ^ D ^ 

* Kin 9 (t|o»Ki/i ^trM-* 99 ~ 94 **i-*o-*'*i 9 i /»» , ^0 o-v^n -o x> 

*- •»•••*•••■•« k •*••••••»• •••••••*•*»•»*•••• * • •••• • • ■ 

a « • « | I — — •^njruruairuajnjnjrvj 


• *•’1 p«n <y » 4 «»n«nj«Ki« 9 oJt^«iVK^>B 93 ^ v ««iM'nK'M«otno 3 «^ o j ti +* ~> *' © 

i ««4 7 , *nn«« 9 ^ 9 h- 9 nior>in^oKin(Vot»ifH^o« 9 «» ~+ t» « »■ *1 9 .o — 

o 303 »» 9 Nvi^oNinrt* 4 (r« 4 njoKiAm> 4 «« 4 rri»^?« 9 «*Wir a o»M 4 k». -• *> *> o ■> V -n 

* 4 9 »<»*rt«or*Ai/»»fn( i «or©SiO*wn*oo--Nrtin 4 Kco^o*fn» «© r- x> 9 — — — — *• 

x • •••••••••••••*••••••♦••••••••••••••••* 

| | | | | t | 


U. 

3 C 

O 

if> 


u. w. 
3 *-* 
«n * 
•» >- 


k\ ry m f< o 9iAK»K)^»oK9«K«*»ao4 9«wrM/wi9'4 9 ^ m o «r »■ rg « « k o 9 -c ~r* o 

MmMiKmmMMiMM««oot 4 aK 44 vt««Mnni»«>«oo < >»«« 40 i(Mn<r 9 iPiP«KKB 99 oooc o 


- J zzz zizz izzz ; i ; ; ; ; ; ; ; ; ; ; ; ; ; . 


ij jjejsK j j oj £« .*4 j 9 jjjj j 


I 



»Mlt|l|*«» 44 ttOAi« l 4 C 0 ^ 9 'ACO'V 9 N 9 «r*<M» ^ 
^r^nr««»^4*^O0M^^«49 0 49A O O’ O O — PWI 
mK^tH^Mmogiogioirt * 9 49 •* -o *%• 1 » aj •*> 4 ■» 4 


ici /19 9 m« iriN o ir> 4 -*r rt it nmoo^ cc oomvc 

i^sssssisssssssssttsass^sscn 


• MHU*imniOO««IVO«««^OC 4 «M «4 0 fVl 
> ■•••••••«••»••*••«••••• 

m Kirtrtrtrtfg 4 ftjfg ^-<w 4 r*^ 1 » • 1 9 


K<g(9MN^|/l KlNh-<n» O 9- 1/ rfl h» 9 CO 4 —• 
oor««non/*iri/>Ki^«ir iiortHCft o 
9 KOrt« 9 ^« 4 COIH 1 /lS«» » 9 ® ^ 

•cine me 4 9 

i^^AjftiftJAe/vrurufVAjnjnjnjnjnjru 


IssisSitrHssSH^SsssHs:: 

mmmc<n>Me»«K 4 « «*o< 

f\jfMfgnjf\jfMfuiM-A-.^-* — t • • t • » t • t 


ih> m« 99 9 <'lflOC^^^« 9 KlOOJ> -© 

n/toor'Mnoom’Ctf^n^Boe^' « r - 9 9 

1 K(M 1 /C#e^»omh-O(g 9 9 4 > 9 -* < ^ ! K> **1 r *1 


r~« ~t®*r 


a* »«^Mkns»*h*».«« m« ajnwS»> • 
o *-• ooo»k»*«n« «« oM«ir«o/inha x«n» 4m««rmom omoe 
•-* • emnj>«*«aoo 4 NNMncmm 44 iKh 

h ► •*•••♦••♦••*••♦••••*••• *•••••••*©•• 

J • ••••«•• | 1 1 


I0M40KC »4^KKrgNC o 

» *19 r-. *> 9 mm«C99M^n 

OITl9t9KlC9999999 9 
c o c 9 9 oooooooc o o 


• •*ijoinrtocmmo««M«4m«fl««94v. , ii9K4CioMmc o « r*- o»vm k 9 ^m 4 oki -1 1 

z «4mmofli«mN9 >*M944»H^m««eNmmAi«i9M/im^oitt«mmx9K«9(g««4mo — »m m 


15 ' 



H*inh A I‘4F Uf L fOU»m***Tt5 
SlCTION *0. 9 AA5IU6 SU«ien IN * (^ t U2 C*,> 


• * r**b**tAi» >#• -> * > * ii » » ^ 

t 4^«-JNNf«e«»#ir»«o»K^r-AA*o««o^»K*(v^tKt»iPN'---»"«»o» ^ 
j 3 -* ^ -* O fl ^ ^l« o » « ^ r- >j ^ > - 

• oo-* — .--*--<o<3«j— ^ v^ivo^*-* « » -*■>•» f~ o o — -9 » r» .r 


*V 


• O O -* » JN N > -*>*■» V <. o M 

x ir*>- => ->j^r- « - 

.-«. r-*. ••>». ^ o j> » »-r^5mto» «« -» **» 3 *m .* « o- — *• y « » j> o 4 

• a 3 3 3 3 :» *■ smM<«0»^AlA*M-*0»««<A«n<*0 9>«N«lPAMro-4'\l^^ C f- «. o — — — — — 


<x <% ix 'xi rv n( t\s i^i m iv •* **•*•*****■*** l l I i | | | i •>< ^ _• »• ■—+ -» n -« ^ 'Xi 'y rv ^ 


*! • o^O**Q 3 />7 O 

a ^ 9 9 -* <f -O IT 3 » 4mt < V0«KN^K«O'V*N0(4*03 *nf IT -OK *M 

*. » ?y MnininiMrtOO»4«K« Abt|t9bnA|ni««<*OOo**<*fllNM^9#ir «Ah^*b b 7 99 t 



TT 


a 


• D« (V«« <19 49 VA4«4C<r 4K 494K 94 *9 4 K C 9 o>«ni^3noof' 

/ 9 » IV » AN«99*'9 0M* «« CM»«C» *«99K9« 4 3 **»-»► 99 4 K 9 3<VrC«9ft — ► — 

-* 9 9 * 9 9 4 3 9 9 09 09 «<4 -4 , ‘JK’VIK , V-->4-»«-*90909» 3 T 4» 3 « ^ 3 399 


(VM 7 fVS 4<M<49hi9NO«^9« #- • 4» — 
>4 r-9 9K 9v9 J4N499N9 **9 4»^ 


OCOOOC4 4IMCC4«N04N99**a 
9 9Kl9 9i>|(VMNN*««««*««^ « • • • • ■ 




I 99 444 O -*4 


•*<* *9 O 9>t9tn<9ll9kT i9 9 9 
• ••••••*••••• 

AI<«AJfU<V*rtiAi'MfXiajaifUAi 


• O O 3 nj V 409«^f-94 9»*H99 9*^» k 949 -*94* *4*94 9K ^949K *^(94 9N *<(3 - 4 ry^iMU o< 

X 4* 4 IV 4 4 9 9 -*#• 9 9 >»4 4 * IV4 49404994 >«* 4 4 •■• m 4 C 0994 OIV94- O l>4 3 « «T r* 

U Nh>449<*9 44IV0449«*444ni0«4l4>«09inr»9<V4 44 >«9 44^ om 4 49 - m 9 3 9 4 4 4 

-■ 3 33 9 39-044 44«9N04C4 4*rtni90«*n|494444 9iyi9*44C4 0- x- - — — 


(vrvniftiftirvniAi 9 «*««««-«««««-*i 4 • 4444 4 -*->*»*-*-*-* — -*fur\jfu'\iru'\ii\i< , uru 


O9«O**9«49 99 04<*9>«9 44 44MV<*9 9W4 44 44«IV0IV4 4O»O4V9 43«9(Vo 


000090 

000000 



x m « -1 — o ••mv**** «« iv « «• o«v**ir»4»» o ai * 1 * **o«« * m -*• r*.ir»*i-*o®.9s»<*-*<#**ir« o -• -• 

*4 K K 4.4 4 «<4 94«*KI4Km4>^4* f 14l9444 4090*4 *9 9 9 94 H4 ^4 l*N (V^ 9 * 9 3 9 9 9 


155 



ROTOR AIKFblL COO»OIR»TE» 

SECTION NO. 10 RAOIUS 9.N00 IN. CM.) 


a a o 

as:;s:s;;::;;5S5;::::5s:;rs;::;;^ 




• ••••••• 


•«^^^(V(VAMWIUAI 


5fS5^SS2SS5SS2asr5SSaSJ:222S222CSSSS5SC5522t52S;7S52 

Al«« *» 4* a a a nr» -* 


r rr rrrrrfr 1 *••«•••••■*••«••••• 



i 


3 






•taaa.RavR^ftKUMranMUAKWfW 


? ;:5sss32ssf35s32s3ss5s532s2ssssrsrs^s5s2?s=!2^ 







• at* a*R« « -*r- *or^i^oH^^aK»R»a*4^«n«^ania*9«a-»p' «* a -• 

x niMOh* *tKt»M4onK«ia«flHn>M« of h*oa*4h«o4^raM0*f4r-ao«t t ao9«o«< 

•“» aN M • p* « « 0(A» orfto «N« «^«4 


156 



rtOlOw MHfOlL t0n»OjN*TES 


• \i a ^ • a o ^ ^ ^ a a -**> © x> z> » — 

x ««^«y<oMKAiro«o3>4<4Ma4MA^t » a • o a 

J O ■> c* o 3 3^ 93«^»K9ao« 30>a»>000-*-«->|-> f lT « > 3 >* -rt X» .#> 

• a a ,/* j* f% ji a «^>*o«»'«iA9a<40»«K«iM>4Aa>*oo<*n(^y>«K«9oi^’<<>jt o c s * o c 


a wk » w a^iratftmaa o^rtr 
4i> tr« o> m m a a art -*o »• Krt a rt mo 




m a rtr^ o a w a a ^ 

•• IT A ^ *> O -* M ^ MM M 


«« vt «4 ■• •« v4 *4*«(VMM<VMMM 


*j • 9 s a «rtrt»^a 

ft 7 CVIT ««9rtrt« 

w • aaaaaaaaac^r»a«tfufi«iaa 


“ ~ l*rtM-* *«e o-»««kk^ 

• « o« m* aortK -*/»• 
«MM-*-*0 00 0 0->-«- 


o-a-cioKXi/Na o/io 
» -*rtir a <>*«>*rt«;c 

— -O J 9 ® ■n-s.'V«--«MT*rt 

rt rta a 


r -• >»» 


rt*»Mrt a^ ►•• a o m rt aaaaa «*mm a#M — oaa ao^M^ac a art m o o j 
a * *n a -« a -t a^aMKMKM^M^rtartart^a «*rt o# >a om a a a a a a > » e i 


a rt rt a a — • — * a o a> a rt**niahOM>-aa««he«*oraoartoMMo«<«rtrt<4K — o a art a o a 


mmmmmmm < 




rtrtrtrtrtrtM«*oaN artan-*oaaKnartM«*o«4NrtaaKaa o Mrt artK«a-*MMMMMMM 


njrgnjrunjrxiryfunii 




«IM MM IMMMMM 


^ a a o> *« a a rt^oa art^MNM^Mrtma^KHrta MaaMipa **« MrtNM^-^rt^rtrt 

• ♦ » a a a a a «> a a 94iMi«nMMM>4>«ooooo«>f<MWAiMrtrt««9 rtrtrtrtaaa^^^r^,-KNf> 


• aaaaiAoartKM«rtaaaiPoa««h>MKrtaartrtort>«artNMa<*«ort» aa •«« a^arto 

7 rt^aa-«9aart««art««aM«^aMaKt>Mi^Mo^aM»KaMa^«Ma a a a «ivcrth» o 


157 



H0IOH A f HF Of L COOf>OlNATfs 
SCCrfON U »AOfU» A,<?0U TN # U0»a*6 C* # ) 


<» » » ^ ^ a c -• ji a m -no j - ^ j ? o 

<M O /> ^ » M 

i « o j ^ ^ -o -. ^ - jo — o 

— -*0 ® *- 4 Y> 3 M *« o ^ 4 K « /i ft J -T> X> ft 


^ A o > — 

f o » » >r < 

J ^ ^ U / 

J — VJ ^ 


J -» 

3 AJ 
V *> 
3 7 


—•*—•*-**«-* | • ft ft ft ft ft ft ft ft ft ft 


> cm^ft ry fti « — 3 r- « a nohin o^ftoft^ pk 5 o ^ -i — c ft —••.in *m *, * a* <t .n r- w> 

_» ft ••ft 1 •- i» « -* ^ ^ - ft ^ > <w r ^ s ^ j> t , - /i c - ^ 

- ft»rf»ir»ft'ft«in»T^^oft®K«ft^iyDft*r-rfvfti<»-oc-^»ir*c» a-*^ft/''-tft c ru ' ■*» ^ 


«v<«AininininiAftM Aim — | i « • t • it 


aj • ft ftfti ok««ks -ft rtofftNftftftftftiftv^oMft^oxftftNNQiysaKft ft a ft ^ 

-ft -. /(ft m a -*» -o -ft ft ft xft — Ktp « ftft>K o iftft — « ft ►- ft --*i oa — * ir» «• — »r c. **«**% 

J -* ftft«««ftftftft'>lft9ftftOft > M«ftOKD|ftft^ftft^3<nft»Mft#'*ft»-«ft k 'iftN-ftftfttA0 

« • VCttCftftftftNKftftWiniftft ftMnWMM— «4-CftOOOOO<«— 9 3 tfv x>x XXX 
ft v • *••*•••*••••••••••••••*•»•••*•••••••••*••••»**••• 

U llttlftllllllllllllllllfttllllt 


— ix> ft ft ft mnift-«N^ 9 ftiA4KS«fto«4—niiftft ft ft ^i^-oox ox ^ 

*•» f\j O ■* l\* ft- =» !T -# •* * ru ft «n 

--•« Oftft ft K1>|p.^|K^Kq|KfV«»^^^K^K^K1t^KA|KntK<WK M K 'MU ^ «*l 


• -iftfXfM* 4KNfM«ftft »ftt^X'M«XO»^^ftX« ft 

o KKjfi ftry«ft (»» 304niftKft^rf0ooftaNX^>4ftft^r}A'M«ftftftftft«‘M«3XXXXftrt^ 
• - --• - -ft K ft ft »^<M Oft KftXft rtfV-OO-tVM 3XX«K««ft ft O O- —fM«l**l ^ 3 ft ft ft ft ft ft ft 

> ••• • * • • • • • • • • • • •••■•■ •*«•••••*••• * • • • • * • • •••»•• • • • 
MIMN fMfM------ - t • • • • •« ft ft — — 


• ftft 3^O«m04rt0«rtONrtOrtN0^t»OrtNft<0«O«#oi^iMftK Oft ft » o 

x «rto» «» «• • •«•« -• ire -x« >«xc - -x « o o» r- o o ft m 

u «x^o«4 ••• nx« otv akx <Mt 

* XXXXXft|*t-at*4MftA««ftftfthXartNOO«iAt3X4)K« 3 — 01^X4^* 

M •••••••»••••••»••••••••#•••••*•«••••••••* •••••» ■ • * 

fM(MWftifttfUfMfM«V**— • I • ■ | | g ft — niftifli^irg'MAifUAi 


CJ 



2 2 
3 M 


ft»XXXOftft(ftlM» ^ ftfWWMft •«* « 4 SK H^K «NX OXft OfM ft «« - ftft ft 

ir »ft nNmc4Kftiftftm«4«9 «o»o«^^onmmiMtx^xcoAint -*ft «m«« (m^ki - a x x 


• - - - Oft m«fM4-XOftft^«'MK»*XOftft I^O OO^M^B ft O O 

7 Kl«fM»X^*0-**lftXN®0-^ftftKe 0-XftX(MOftt>ftXrt(MOftKftX^MOKftK 4ft frtftX 

--^00'/lo4^ft-4^4H|N«|f.ftsift«^«-»^ft-XOXOXoX* ft ft ft ft ft ft ft o-*^iM^n^ 

• 0000O»ftC«KK4«Xm33Mrt(V^H««oo00*4-IWI«rtX33 ftXlT««Nt'V»» ft ft ft ft ft 



• I • I • 


158 



HOin* * I WMJ u COrjHuH*Tfcb 
HCTIO^ NO* 13 MAnius 7#S0U IN, UQ.ObO C* t ) 


• 3 -A » >1 > - ^ « “W > 9 

X <«K #i«K» ,n« MCI 3 3 «»«<r - J ^ K 

-> 9 

* » » > » > » » S ^ ®^4it»^*^>l--*000-^ , X-l3 9 .8 J* A « ^ » 8 » > 3 -3000 

————————————————— •••«•••• I « I -- — - 


• 3 8 -• • 8 A 9 • « «P>^ ••» 9 0- — 8 8NN8 8 888 8 8^-l-l-K^^- > t /»7» U 

8. ^ir 3 08 3 B •o«*nm*^«K«8 0^1|M8l«r»«88«r^8||t VM«8 

•J ^ » >1 il«8 0*» 8 -*«8I8I^ 4 8 -«*lA<8 8 8*80-*t^0M«8M8t8 0«t 8 8 Xi* • - J /“. A A «J 

- ******* Ptf»88 8 < 8 nt 08 A«A«(l|.- »• ^«|fl MW •* A - n| n A AK 89<«8f8^4^8 3-^3 A 51 9 A 


v<w'.mAK8Aini8iM8i^«*-*«^««- • I • I * I i I 
• iiiiiiiitiiiiiiii 


*A 


<*/ • ♦ 'X88N8N8 ^03n3^m^M0888888nitfl8^38 , >M8'*18'M'\|3 ^ailMfliT« - O /» 

a ^ 9 c a***-*— 9*o*‘-r>ir»AO‘H*-i' , *9»'-’A ♦ !V« » ^ 3 8kc&«cv^>« , u 

J -• 8 8 8 8 88 *8 8 38 <«^A 88 * 88 #<« 8 #ni 8 8«***«*88 8«*^8 8 3 l 88 N 8 ^- 08^>0 O — — 





X 


• N ^o<AiA0 8MinK»8l8««<«l8A«0MAK8-«««8l»K8UVO8« A-*8 8 3^oKlT*aoC 
7 8 4 9 or Oi>t»K «A«l * A(8M«*e8 »•►« AA«n^h>«» e-««*8M*18 AIT CC8 0-8 O A« M 

-* 00003 > ^ 4<«3'«3<«8>43>«808080838311 188080808083^ 38 *«88 KN^- 



• 81* 


•«K08 8 KO 8 8 8 384'M8*888«08 mo89 08KK8^»8 08 K# mIM«48K8» — • 80 0 

OK88 0«<«0*fl88 t 0080 088N888 «<8*4 89 ««04 ttA 8A A8 0«*0 <*008 9 8N 
^ «8-4» • (8« 8 0H8r808«K8>r»KA0A8<8««^908 (88088«* o'M C * 88 8 

90088K89^<«O»888881l>«OOO«*N8888888NN888889 OOOOOOOO O O O 




• 080-N»^f08 880m*8K» * «• O HA 8KI • 4 9 <89» P»8 O 8 88 8NH8K88 

X K 89 ^ 89 A 89 H 88 N 98 >«9 8 <*«N 0 8 h 088 08 80 r» 8 ^ 3 ^ 88 rMCr 8 r'« 9 « 9 r ^9 

U 8 88 8A>*OA88A»«0A88A<40«88A»*0«A88«0»A88«0«<A88C9h>Oni9 88 8 

• 8 8888 9A -3»«f*8 8 AM** 09 K88 8AN03<«fNA8 8^«r OH A888NO 89 89 9 9 9 

X ••••••••« • ••••« • • •••*••»••«••••••••■• • • • • •••••• • • • 

t • 8 • • 9 t •••«•<« HHHH HHH 

■Jj 

O 

*8 

tk 

A 

.3 

at 

♦ O 9**«88«**8^K8009 98 h XH088 N9 iOHH 09KK 8 O 98 HHS O -8 8 9 * 9 9 *«8 

22 »a8 8O0f*h8->«rt8x8 88 81AH89 9Nt48N9 9M •«• 8«*«H4 AH9 H889H98H 

0*4 88899«‘M8««8««8««^H9908A0A8rH9K9 > M<r9A0*«^8«KC000IMHr8HH-*>4«, 

•- • KKNhN 98 89 9 9A8HN>«*«*400000 0««^M**ftHNNA88 88 8nn9 99 9999 99 9 


• ^ K'8»f^^Kr-KK« « 8 « O « O C C • ■ C 8 99 9-4-*— «»40 00000008 O 3 H 98 8 

“* 0 0 0 09 808-88HKAAA84 08 0 8 >«n HK A >4 8 0 89 8A AA HK **#*,18 088984 n 

* 00009 »»««NN888899 9AAHHH^OOOOn^«HHAA 99 8884NC9989 999 



• 111 


159 



NO T OH ATNtQU lOUNQINMCS 


• ^ ^ > X > > » A « g o - -1 I ^ \J-^*^WC» ~» J -T o *VI 

tJ /» « « ^ O 8 «x> ^ ^ 7 O *> yg if\ JO J S J "Vi 7 -O O O J -* 'VJ 

• ^ *T IT J’ -O O -C x> c 




• OOO934NOQ-4^4ll>4tt»O0l^9«h>« 0*«ni«^9 (^^OC^xO oiov » 

H N?KK4 4O^0«^N(CN^e9»m0««S^!«N^I40M0«» ^0 w!n ooo 



160 



BLADE-TO-DISC ATTACHMENT STRESSES 
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Margin of safety = (alloy ■'bl^ ? *■ ress/cal cu 1 ated stress) - 1. 

Allowable stresses include: 

5 percent reduction for surface finish and loading rate (except for combined fillet). 
4.5 percent reduction for broach angle. 

Allowable maximum fillet stress is 1/2 amplitude equivalent elastic stress. 
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Figure A-1. --Rotor Blade Maximum Thickness Distribution. 
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Figure A-2. — Rotor Blade Leading- and Trai 1 i ng-Edge Radii. 
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0- shock, deg 
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Figure A-4. — Rotor Blade Conical Development 





Torsional/Flutter parameter. 




























Figure A-9.— Fan Blade Mode Shapes and Relative Vibratory Stress. 










N = 12 800 rpm ( 13 J 1 O.S rad/sec) 
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Figure A-11.~ Fan Blade Equivalent Steady Stress Distribution. 
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Equivalent stress, ksi (N/m 2 ) 
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Figure A-13. — H.dspan Damper Stress Distribution. 


APPENDIX b 


SYMBOLS AND PERFORMANCE PARAMETER DEFINITIONS 
Symbols 

aspect ratio 
chord, in. (cm) 
blade tip chord, in. (cm) 
diffusion factor 

T.E. shock strength - L.E. shock strength, deg 
distortion index, (P T - P T . )/P x 
first flexure natural frequency, Hz 

relative deflection (translation) of the blade tip mid-chord point 
in the first flexural mode 

incidence angle, angle between inlet air direction and line tangent 
to blade or vane at leading edge, deg 

Mach number 

rotational speed, rpm (rad/sec) 
total pressure, psia (N/cnr) 
static pressure, psia (N/cm^) 
radius, in. (cm) 
streamline number 
stall margin, percent 
total temperature, °R (°K) 
static temperature, °R (°K) 
blade maximum thickness, in. (cm) 
rotor speed, ft/sec (m/sec) 
air velocity, ft/sec (m/sec) 

relative fluid velocity at blade tip, ft/sec (m/sec) 
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w 

X 

z 

8 

0* 


A0 

Y 

5 

6 ° 


9 


weight flow rate, lbm/sec (kg/sec) 

Carter's rule additive to deviation angle, deg 
axial distance, in. (cm) 


ai r angle 


cot'Vv /V ) , 

fn o 


deg 


metal angle on conical surface between tangent to mean camber line 
and axial direction at leading and trailing edge, deg 

stagger or chord angle, angle between a chord line and < axial 
direction (measured in a plane parallel to Z-axis), deg 

camber or turning angle, deg 

ratio of specific heats for air 


ratio of mass average inlet total pressure to standard pressure 
of 14.696 psia (10.133 N/cm*) 

deviation angle, angle between exit air direction and tangent to 
blade mean camber line at trailing edge, deg 

efficiency, percent 

ratio of inlet total temperature to standard temperature of 5I8.69°R 
(288. 16° K) 


6 S circumferential distortion screen relative angle, deg 

a solidity, ratio of chord to spacing 

0 angle between tangent to streamline projected on meridional plane and 

axial direction, deg 

relative angular deflection of blade tip in first flexural mode, rad 


total pressure loss coefficient 
blade tip torsional natural frequency, Hz 

Superscripts: 

' relative to moving blades 

* designates blade metal angle 

Subscripts: 
ad adiabatic 

id ideal 


«T 
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L.E. 


M 

max 
MCL 
mi n 
poly 
r 

ss 

T 

T.E. 

Z 

e 

0 

1 

5 

5.5 

6 
6 

9 

10 
I I 
12 


leading edge 
meridional component 
maximum 

mean camber line 

mi nimum 

polytropi c 

radial direction 

suction surface 

denotes stagnation conditions 

trailing edge 

axial direction 

tangential component 

inlet bellmouth screen plane 

bellmouth instrumentation plane 

rotor inlet instrumentation plane 

rotor inlet traverse plane 

rotor leading edge 

rotor trai 1 ing edge 

rotor exit traverse plane 

stator leading edge 

stator trai 1 ing edge 

stage exit plane 


Performance Parameter Definitions 

incidence angle based on mean camber line 

•* 

6 

io 


i = b* - b;* 

m 6 A 


; m" 5 10 ‘ 


( rotor) 

( stator) 
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6 ° 


deviation 


( rotor) 


0 


OJ 


6° = H “ * 8 * 

6° = e u -p<|, 

diffusion factor 


0 = 


D = 



r e v e$ 


r 6 V 96 


r*i 


r 8 


v i > r io V 8to ~ *'n v eii 

v io + (r io + r M ) * V I0 


( stator) 


( rotor) 


( stator) 


loss coefficient 




( rotor) 


(stator) 


loss parameter 
W COS Pg 

2a 

uT cos p | | 

2a 


( rotor) 

( stator) 
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polytropic efficiency 




Tl^ adiabatic efficiency 


Y-l 



( rotor) 


( stator) 


(stage) 


( rotor) 


(stage) 
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SM 


stal 1 margin 


SM = 



x 100* 

NA/0 = constant 


» 


For absolute values of stall margin, the reference point at any speed 
and inlet flow condition (whether uniform or distorted) is defined as 
the intersection of a particular speed line with the constant throttle 
line passing through design pressure ratio at design speed obtained 
with uniform inlet flow. 
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